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Abstract 
A systematic study is presented in this thesis on the implant isolation of n-type 
GaAs. Conductive n-type GaAs layers were formed using multiple energy 
silicon ion implantations in order to create a uniform dopant distribution 
throughout the n-type region. Several ion species such as proton, helium, 
boron, nitrogen and oxygen are employed in this work. The energy of the ions 
is chosen in such a way to create an approximately constant level of damage 
throughout the conductive region, in most of the cases. The effects of ion 
species and its mass, fluence, implantation temperature, energy of the 
implanted ions, damage accumulation, initial carrier concentration of the 
conductive layer and post-implantation annealing cycles on the quality of 
isolation in terms of optimisation and stability were investigated in detail. The 
major part of the work was dedicated to comparing the influence of elevated 
implant temperature on the electrical characteristics of the isolated n-type 
GaAs layers against R T implants. The effect of variable doses on the other 
implantation conditions was also examined thoroughly. Formation of 
thermally stable defects during implantation is thought to be responsible for 
the improved thermal stability and optimisation of the isolation process for hot 
implants, which make it a better choice. A parallel resistor model was 
formulated which not only gives fits to the data but also confirms the 
reliability of the measurements. Based on the obtained data, a 
phenomenological model is presented in order to enhance the existing 
understanding of implant isolation of GaAs. It was also found that ion doses 
required for an effective, efficient and reproducible isolation of n-type GaAs 
have simple linear and reciprocal dependencies on the values of initial sheet 
carrier concentration of the conductive region of the device and atomic 
displacement density caused by the ion implantation, respectively to a good 
approximation. The data was translated into a model, which predicts the right 
implantation conditions to obtain an effective, efficient and reliable electrical 
isolation in GaAs based devices. Such an investigation is essential to develop 
the technologies for the electrical isolation of GaAs based devices in particular 
and III-V semiconductor devices in general. The results are novel and have 
direct applications to the implantation engineering industry. 
Key words: Semiconductor engineering, GaAs, GaAs device fabrication, Electrical 
isolation, Ion implantation, Substrate temperature, Hot implants 
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1 Introduction 
Ion implantation is a well-established and widely used technology to make 
devices and integrated circuits in GaAs and related materials [1]. Implantation doping 
involves the introduction of species that have shallow energy levels in the band gap 
and consequently can contribute free carriers (either electrons or holes) to the 
conduction process. For doping procedures a high temperature anneal follows the 
implantation to remove implantation damage caused by the energetic ions, and to 
allow the dopant atoms to be transported to a lattice site where they best contribute to 
the conduction. Besides doping implantations, it is used also for introducing deep 
levels in the band gap which trap mobile carriers and therefore create semi-insulating 
regions which separate one circuit component from another, known as implant 
isolation [2]. For GaAs devices, device/substrate electrical isolation is achieved 
through device fabrication in conductive surface layers deposited epitaxially or by 
implantation on semi-insulating (SI) substrates. A SI-GaAs wafer or 'substrate' is used 
primarily for planar processed devices. Due to the high resistivity properties of SI-
GaAs, multiple active devices can be fabricated on the same chip without 
performance degradation. This characteristic allows for higher levels of integration 
and increased functionality within a smaller working area and with a decreased 
number of processing steps. 
Device/device parasitic effects are minimised by rendering conductive 
material between devices semi-insulating through ion-implantation or alternatively, 
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removing the conductive material through mesa etching. Conventional mesa etching 
and metal interconnection technology cannot meet the needs to integrate vertical-
structure devices (such as PIN diodes) with planar-structure devices (such as FETs) 
while still maintaining a planar geometry [3,4]. A general advantage of ion 
implantation is the lateral selectivity when using suitable masking techniques and the 
preservation of surface planarity [2]. Ion-beam induced isolation is particularly 
advantageous when reduced parasitic capacitances, reduced surface recombination 
currents and improved heat spreading capabilities are required in devices [3]. The 
exact thickness of the layer to be isolated and the required stability of the isolation to 
heat treatment determine the choice of ion species to be used. A number of ion species 
such as protons, helium, boron, nitrogen and oxygen ions have already been 
investigated for isolation purposes [4]. The degree of electrical isolation is dependent 
on various process parameters, such as ion dose, energy, mass, substrate temperature 
during implantation, damage accumulation, initial carrier concentration and 
subsequent thermal processes. 
These isolation techniques have been reported upon widely, both from a 
device fabrication standpoint, and from the fundamental perspective of the nature and 
stability of the high-resistivity layers that the technique generates. These studies 
indicate that the introduction of midgap energy levels can effectively remove mobile 
carriers. The nature of these midgap levels is either physical (damage resulting from 
the implantation process) or chemical (resulting from the doping behaviour of the 
species used during implantation) [5,6]. 
Ion implantation has been used as an essential process In GaAs integrated 
circuits and microwave devices to produce electrically isolated layers. This 
compensation or carrier removal technique, was first applied in the early 1970s and is 
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now used not only for ICs but also for HEMTs, HBTs, lasers, LEDs and for 
promoting the intermixing of quantum well structures to delineate wave guides and 
optical cavities for lasers and LEDs [7]. 
A post-implant annealing is usually required to achieve maXImum sheet 
resistivity and to suppress the hopping conduction. Maximum sheet resistivity can be 
achieved after annealing at certain higher temperatures and the region of maximum 
resistivity depends on the bombarding species, ion dose and energy. However, 
annealing at high temperatures sometimes causes degradation in the epilayer 
properties in the active region of devices like heterojunction bipolar transistor (HBT) 
or field-effect transistors (FET) [8]. 
Implant temperature is an important parameter not only to understand isolation 
mechanisms but also to further the development of implant isolation technologies. In 
the majority of previous work, isolation implants have been carried out at room 
temperature and very few data exists on the study of elevated temperatures [9]. 
Optimisation of the isolation process with the right implant conditions is vital to 
further the GaAs technology especially the fast commercial growth of GaAs 
monolithic microwave integrated circuits, and to develop a basic understanding of the 
hot-implant mechanisms. 
The present work deals with the formation of electrical isolation in Si-doped 
GaAs layers using single energy ion implantation. The n-type conductive region is 
formed by multiple energy silicon implantations into semi-insulating GaAs substrate 
to create a flat dopant distribution. Ion species such as hydrogen, helium, boron, 
nitrogen and oxygen are implanted at different implant temperatures with single or 
variable doses. The energy of the ions is chosen in such a way to create an 
, 
) 
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approximately constant level of damage throughout the conductive region, in most of 
the cases. The aim of this work is twofold: 
i) To investigate the influence of parameters such as ion mass, fluence, 
ion energy and damage accumulation, implantation temperature in 
particular elevated substrate temperatures, initial carner 
concentration of the conductive region to be isolated and subsequent 
post-implant annealing on the isolation process for n-type GaAs in 
terms of its optimisation and stability to further thermal process. And, 
ii) To translate the information acquired into a model, which predicts 
the right implantation condition to obtain an effective, efficient and 
reliable electrical isolation in GaAs based devices. Such an 
investigation is essential to develop the technologies for the 
electrical isolation of GaAs based devices in particular and III-V 
semiconductor devices in general. 
This thesis is divided into six chapters. Chapter 1 is an introduction to the subject and 
objectives of this work. Chapter two explains the fundamental concepts of ion 
implantation, implant isolation and its parameters and also reviews the available 
literature. Chapter three is a description of the used experimental techniques in this 
work. Chapter four is devoted to the experimental details and their results. Chapter 
five is a comprehensive discussion on the outcomes. Chapter six summarizes the 
whole work and hints for any further investigations. 
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2 Overview 
2.1 Ion Implantation 
2.1.1 Introduction 
Ion implantation is the injection of fast moving positively charged ions of a 
required atomic species into a substrate [1]. Ions are produced in a source held at a 
high DC voltage. The ions are then extracted through an aperture held at negative 
voltage. After an initial acceleration, the ions are mass analysed to select the required 
ion species. Finally the ion beam is scanned, in a raster-type pattern, over the target, 
where the accumulated charge is monitored as a means of controlling and measuring 
the dosimetry. Unlike diffusion methods, ion implantation allows independent control 
over the depth of the implanted layer and the concentration of the dopant. Ion 
implantation has become firmly established as the technique for selectively changing 
the resistivity of the semiconductor. One particular advantage of this method is that 
ion damaged III-V materials display high resistance behaviour, so this is a simple 
method of electrically isolating neighbouring devices from each other. More 
generally, the technological advantages of ion implantation as a method to alter the 
properties of semiconductors include [9]: 
a) Reproducibility, uniformity and speed of the process. 
5 
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b) Less stringent requirements on dopant source since mass separation is 
used. 
c) Ability to use simple masking methods. 
d) Precision of the amount of dopant ions introduced. 
e) Creation of shallow doped layers and because of the small straggling of the 
implanted ions, small geometry devices in general. 
2.1.2 Ion Stopping, Range and Channelling 
It is usual to consider that the ion loses energy to the target atom by two 
independent processes, namely nuclear and electronic collisions [10]. Electronic 
collisions involve energy transfer from the moving ion to the electrons of the target 
atoms and usually result in negligible deflection. It is an inelastic collision. This 
process can be visualised as similar to the stopping of a projectile in a viscous 
medium, with the ion slowing by a series of drag interactions. If ZI, A 1 and Ml are the 
atomic number, atomic weight, and atomic mass of incoming ion of energy E, and Z2, 
A2 and M2 are the corresponding parameters for the target semiconductor, then [11] 
( ) 
( 1'" 31" M1PZ1I2zlJ1) 
_ dE . = S (E)=k' \q(4Jr) '-a -M1 :2 - 1 2 - E1/2 
dX ElectrOnic e 1/2 (M + M )3/2 
&(1 1 2 
(2.1) 
(2.2) 
where q is the electronic charge, a IS the screening parameter and is gIven by 
0.885ao (Z12 13 + Z;/3 r 1/ 2 , where ao is the Bohr's atomic radius for hydrogen atom and 
EO is the relative permitivity of free space. This mechanism produces an energy loss 
rate between 10 and 100 electron volt per angstrom for the III-V semiconductors. 
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Since it is an inelastic process, the energy transferred by the implanted ion to the 
electrons of the target material is eventually dissipated as heat. 
In nuclear collisions a part of the kinetic energy is transferred to the struck 
atoms as a whole and this results in the projectile suffering relatively large angle 
deflections. This process can be considered as arising from collisions between two 
hard spheres (ion and target nuclei) in which the ion loses energy by transferring it to 
the displaced nuclei, a columbic scattering process. For nuclear stopping [12] 
(dE] -15 [ ZI Z2 ][ MI ] r -I - - = 2.8x10 N 2/3 2/3. ev.em dX Nuclear ZI + Z2 MI + M2 (2.3) 
again corresponding to an energy loss rate of some tens of electron volts per angstrom, 
where N is a conversion factor for LSS reduced units [1]. Nuclear scattering is elastic, 
so that the energy given up by the implanted ion is transferred to recoiled target nuclei. 
These displaced nuclei may also have enough energy to displace other nuclei, leading 
to a cascade of recoiled atoms. Eventually the cascade ends as the amount of energy 
becomes insufficient for further displacement, and the remaining energy goes into 
phonon production. At high energies electronic losses dominate the slowing down 
process. An empirical rule for characterising this high energy is that if the projectile 
velocity v is greater than velocity VI then the electronic stopping dominates [1]: 
(2.4) 
Even below this velocity, electronic stopping may still be the most important process 
particularly for light particles hitting heavy substrates, but for heavy particles at low 
energies nuclear stopping gradually assumes importance until it forms the major part 
of the energy loss. 
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Figure 2.1: Basic range concepts for low and high-energy ions [1]. 
A simple picture of an ion slowing down in a solid that has a random array of 
atoms is given in Figure 2.1. For the high-energy ion the path is essentially a straight 
line in the original direction of motion, since the stopping is electronic, with a small 
amount of straggle at the end due to nuclear collisions 
At low energies, where nuclear stopping power and electronic stopping power 
are more comparable, the ion path follows a zigzag course with many large 
deflections, the path length between collisions decreasing as the energy falls (and 
hence the cross-section increasing). With reference to Figure 2.1, one can define the 
total path length R, the projected path length Rp in the original direction of the 
incident ion and the projected path length R1- at the right angles to this direction. Each 
ion that strikes the target will not follow exactly the same path even though its energy 
is fixed. 
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Figure 2.2: Concepts of range, straggle and its distribution [1]. 
This is because a beam of ions will have different random impact parameters with the 
surface atoms so that their subsequent collision sequences will be completely different 
from each other. Not only will the number of collisions suffered by an individual ion 
vary but also its total path length. This will naturally result in a distribution of 
stopping positions, which is usually assumed to have a Guassian (or Normal 
distribution) shape, again illustrated in Fig.2.2 where R p now refers to the mean or 
average projected range. In calculating ion ranges we must consequently always be 
concerned with averages of many events and must consider such properties as the 
- -
average (mean) projected range R p and its standard deviation 11 R p. Thus the ion 
profile in a solid is related to the projected range Rp, standard deviation Mp and the 
implant dose ¢ [9] by 
(25) 
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Where the projected range is the projection of the total path length on the incidence 
direction of the ion beam and N(X) = Ie at X = Rp + -Mp (Np is the peak 
concentration of the profile. The peak concentration occurs at Rp and is given by [9] 
(2.6) 
In some ion-solid combinations better agreement is obtained by using joined 
Gaussians or by taking into account higher order moments or powers of standard 
deviation. The third and fourth moments are known as skewness and kurtosis which , 
affect the symmetry and tail shape of the distribution, respectively. The assumption 
behind the purely Gaussian stopping distribution as mentioned above is that the 
implantation takes place into amorphous material which does not take into account 
effects such as channelling. 
So far the target atoms have considered to be randomly distributed in space 
and not to influence, by virtue of their positions, the stopping processes. However, 
this is known to be incorrect for single crystals in which the target atoms are regularly 
spaced in lattice geometry. It must be noticed that ions incident along low index 
crystallographic directions (i.e. parallel to close packed rows or planes) can undergo a 
series of collisions of similar impact parameters and the collisions can be said to be 
correlated. The ion trajectory is no longer random but is influenced by the lattice 
geometry and is said to be channelled. For high energy, fast moving particles such as 
Me V protons, and for impact parameters where the interaction is due to a screened 
Coulomb potential, then the individual deflections at each collision between the ion 
and the target atom will be small. Consequently, if such a particle is incident along a 
major crystallographic direction it will suffer a series of small angle, correlated 
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Figure 2.3: Schematic diagram of possible range profiles for ions implanted into a single 
crystal [1]. 
deflections as it passes by neighbouring atoms in the same row and the ion will be 
steered or channelled. The critical angles for channelling are generally 1-10° from the 
major crystal axes for most implanted species in III-V materials. Of course in an 
experiment some ions will strike the ends of the atomic rows, suffer a large angle 
deflection and then continue scattering as if the target atoms were randomly 
distributed. Other ions will suffer a relatively large collision but will remain within 
the channel for some distance, making further collisions with the channel wall before 
fmally becoming "de-channelled". A final category of ions will be those, which are 
"best", channelled and remain within the channel until they finally come to rest. as 
shown in figure 2.3 [1]. The ion range consists of three regions, namely (a) those ions 
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stopped as if the target was random with an Rp as calculated for a random target, (b) 
those ions that are de-channelled and (c) those ions stopped after being well 
channelled. The relative contribution to these regions depends on the experimental 
conditions and can vary between the extremes indicated. For some ion/target 
combinations the best channelled ions exhibit a maximum range Rmax and this is 
because well-channelled ions spend most of their path length at large distances from 
the lattice atoms in the channel walls so that the energy lost in nuclear collisions is 
reduced. The dominant mechanism for energy loss becomes electronic collisions, 
even at low ion energies. 
In order to avoid the channelling effect, the most common approach consists 
of tilting the wafer by an angle of about 7-10° with respect to the incident beam axis. 
Thus, the beam alignment will not be in the same direction as the major crystal axis. 
This angle is known as the critical angle for channelling, \{Ie. which is the largest angle 
between the incident ion path and the channel axis before steering action of the rows 
of atoms is lost. Additionally, the substrate is rotated by about 30-45° to further 
prevent any direct ion path through the crystal. Even so, it is extremely difficult to 
avoid channelling completely, especially with low-dose implants, since some of the 
ions can be deflected into channelling directions after entering the semiconductor. 
This residual channelling results in the formation of a tail as the dopant penetrates 
deeper into the semiconductor. Other approaches for suppressing channelling consist 
of pre-implanting the semiconductor with a neutral ion such as argon or neon, so as to 
make it amorphous before the active species is implanted. Implantation through a 
barrier layer, such as Si02, also serves to scatter the ion beam and reduce channelling 
problems. Preamorphisation is possible in III -V semiconductors but it is not as 
successful method as it is in silicon. It is due to the fact that complete and perfect 
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regrowth of the lattice (required for further device processing) is not achieyable e\en 
at very high post-implant annealing temperatures. 
2.1.3 Simulation code 
It is possible to implant at different energIes and doses to produce an 
approximately flat dopant distribution. One can implant either at single energy or 
multi-energy with low, medium or high doses as per conditions and requirements of 
the experiment. TRIM (The TRansport of Ions in Matter) - a widely used computer 
code can always predict the atomic profile and damage distribution, which can be 
compared with actual measurements of the atomic profile using Secondary Ion Mass 
Spectroscopy (SIMS). In the TRIM computer program [13], the penetration of ions 
into solids is calculated using a Monte Carlo method. This program has been 
developed gradually and in the recent version the ions may have energies from 1 Oe V 
to 2Ge V. The program may accept complex targets made up of compound materials, 
with up to three layers made up of different materials. It will calculate both the final 
distribution of the ions and also all kinetic phenomena associated with the energy loss 
of the ion, such as target damage, ionisation, and phonon production. All target atom 
cascades in the target are followed in detail, and the redistribution of these target 
atoms is determined. This program results from the original work of Biersack et al [14] 
on range algorithms by Ziegler et al [15]. The TRIM calculations assumes that the 
target is amorphous but in reality, though the sample is tilted and rotated to steer the 
ions into non channelling direction, the ions can still scatter into channels after they 
enter the target [16]. The energy spread in the experimental beam also causes 
broadening of the implant profile [17]. 
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2.2 Effect of substrate temperature 
The ion flux determines the generation rate of defects produced by the 
irradiating ions, while the substrate temperature controls the degree of dynamic 
annealing of these defects during ion implantation [18]. 
The substrate temperature during implantation has a pronounced effect on the 
subsequent electrical conduction observed after an annealing treatment [19]. The 
implanted ions produce considerable lattice damage and the amount of damage is 
strongly dependent on the temperature during implantation and ion dose. An 
amorphous structure is produced in semiconductor materials if the individual damage 
zones become so dense that they overlap. This amorphous structure is stable until 
annealed at a critical temperature when it recrystallizes epitaxially on the existing 
crystal structure, which is normally a single crystal. The critical temperature is a 
characteristic of the semiconductor and it is 650°C for silicon, 400°C for germanium 
and 250°C for GaAs [1]. It is usual for a fraction of the implanted impurities to be 
incorporated in substitutional sites in the lattice during the epitaxial regrowth and 
become electrically active. However, for GaAs anneals at above 700°C are needed to 
generate electrical activation. 
If the amorphous structure IS prevented from forming by the substrate 
temperature being elevated during implantation, then the implanted region remains a 
single crystal but with a complex network of defects, which is stable on annealing to 
temperatures of about 1000°C. The absence of an amorphous layer allows the number 
of channelled ions to increase despite the decrease in the channel cross-section due to 
increased lattice vibration. In IC production the substrate is usually not heated and 
therefore remains at or near room temperature during the implant process 
I mplantation in GaAs has been done both at elevated temperatures and temperatures 
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down to liquid nitrogen and the results are contradictory. Many results show that the 
electrical activation does not vary significantly with change in implant temperature, 
some data shows that it does [7]. 
At elevated temperatures, Si and GaAs exhibit strong (but also not perfect) 
dynamic annealing which leads to eventual build-up of radiation damage in the form 
of extended defects and, ultimately, to amorphisation. During elevated temperature 
ion bombardment of Si or GaAs, amorphisation also often proceeds from the surface 
[20]. These extended defects are usually tangles of dislocations, and their density 
increases with increasing ion dose. This causes a continuous rise in the total energy of 
the system until the system collapses into the energetically more preferable 
amorphous state [21]. In addition, in Si or GaAs implanted at an elevated temperature, 
layer-by-Iayer amorphisation can proceed from the surface. In this case the surface 
acts as a nucleation site for amorphisation [20]. 
2.3 Damage induced defects and removal 
The most widespread application of ion implantation is localised doping of 
semiconductor wafers during device fabrication. The more conventional doping 
methods, which are alternatives to implantation, employ thermal diffusion of dopant 
atoms from source layers or from the vapour phase. Compared to in-diffusion, 
implantation allows a more precise control over the amount of impurities, which are 
introduced into the substrates. This is because we can - in principle - measure the 
electrical charge deposited by an ion-beam directly, whereas for in-diffusion we have 
to rely on highly temperature-dependent thermodynamic driving forces and kinetics. 
However, implantation cannot be done without the introduction of radiation damage 
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into the sample. Ions, which are propelled into the substrate crystal, collide with 
substrate atoms and displace them from their lattice sites in large numbers [1]. 
If lighter ions relative to the masses of the host atoms of the material are 
implanted, collision cascades are very dilute and consist mostly of point defects such 
as vacancies and interstitials [20]. In the case of heavy ions, where the nuclear energy 
loss rate is large, it is generally believed that each ion generates a dense collision 
cascade which, upon very fast quenching, can often result in an amorphous zone [22]. 
Irradiation by an intermediate mass ion represents a combination of these two limiting 
cases [20]. 
After an implanted profile is fully activated and, in some cases, diffused to the 
desired depth, it is quite possible that defects are still present in the doped layer. They 
are referred to as residual defects. A layer with dislocation loops or stacking faults is 
not an equilibrium structure because the defects carry with them strain energy, core 
energy, and stacking fault energy [1,5]. After sufficiently long furnace annealing 
times or rapid thermal annealing we would expect that they had disappeared or 
reorganised themselves into a cross grating of misfit dislocations in those cases where 
doping changes the lattice constant. The defects form and change from one 
configuration into another one in an evolutionary sequence. For example, during 
heating the amorphous layer grows back onto the single crystal substrate. Small 
dislocation loops can be formed at the location of the initial amorphous-crystalline 
interface. Prismatic interstitial dislocation loops can grow by addition of more 
interstitials along their perimeters. Absorption of point defects can induce climb 
motion of edge dislocations. 
In III -Y' s damage accumulation and possible eventual amorphization are 
modelled using either a heterogeneous mechanism, in which individual damage 
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clusters are considered to be amorphous and overlapping of these regions results in 
complete amorphization (heavy ions), or a homogenous mechanism in which the 
crystal becomes unstable and collapses to an amorphous state when the defect 
concentration reaches a critical value (light ions). Depending on the ion, the dose and 
implant temperature, the implant damage can consist of either amorphous layers or 
extended defects (dislocations and stacking faults). In GaAs, amorphous layers 
recrystallize epitaxially during annealing at 150-200°C, but the recrystallized layer is 
invariably highly defective, consisting of twins, stacking faults and other defects. 
These defects anneal out to leave only a high density of dislocation loops in the range 
400-500°C. These loops grow and annihilate above about 700°C, and the remaining 
point defect clusters begin to anneal out above 750°C. Dopant atoms appear to make a 
short-range diffusion to lattice sites around 600°C, but optimum electrical activity is 
not obtained until ~ 750°C for acceptors and ~ 850°C for donors [1-5]. 
In III -V's the lattice elements are distinguishable and because they recoil 
unequally due to their different masses, local perturbations in stoichiometry are 
created. The lighter element recoils further, leading to an excess of the heavier 
element near the surface (shallower than Rp) and an excess of the lighter element at 
greater depths (between Rp and Rp+Mp). Repair of the lattice during subsequent 
annealing requires that the displaced atoms diffuse back to appropriate sites, and in 
III -V's the diffusion lengths are not great enough to accomplish complete and perfect 
regrowth. 
Aside from the implanted ions stopping in the crystal, they displace nuclei 
from the lattice sites, producing collision cascades. An implanted ion comes to rest in 
~ 1 0-13 seconds, which is approximately the range of the ion divided by its velocity. 
The thermal spike created by ionisation and excitation along the ion track decays 
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away _10- 12 seconds after entry of the ion and many of the vacancies and interstitials 
created along the ion track recombine in -10-9 seconds. Light ions tend to leave tracks 
characterised by small amounts of damage. The ions slow down initially mainly by 
electronic stopping with little displacement damage until eventually nuclear stopping 
becomes dominant at the end of the range. Their tracks at this point may become quite 
tortuous as they undergo collisions involving large scattering angles. There is little 
damage to the crystal except near the end of the ion range. By contrast, heavy ions 
may create damage clusters along their path. These ions undergo a relatively higher 
degree of nuclear stopping than light ions, displacing target atoms right from the 
surface inwards. These recoiling nuclei can also displace other nuclei leading to 
considerable lattice damage within a small volume. For both light and heavy ion 
damage, the volume of the crystal in which the ion energy is deposited is usually 
larger than the volume in which the lattice damage occurs. 
The simplest defects created are Frenkel pairs, consisting of a vacancy and the 
displaced atom. More complex defects such as divacancies and trivacancies can also 
be created, along with the clusters of vacancies or interstitials with impurity atoms. 
The damage after implantation reduces the carrier mobility in the material and creates 
centres, which trap free carriers. The material after implantation but before annealing 
therefore tends to exhibit high resistance. This is the basis for the damage-induced 
isolation schemes in wide use in 111-V semiconductors [5]. 
During ion implantation and subsequent annealing of a semiconductor 
numerous crystal defects are produced. Many of these defects possess deep electronic 
energy levels within the bandgap, and, therefore, have an influence on electrical and 
optical properties. The property of deep defect levels to act as recombination centres 
or traps for carriers can be utilised positively in semiconductor devices [23]. In GaAs 
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a significant population of residual point defects remain after all implant-anneal 
schedules [24]. Peaker [24, and reference therein] presents a good datareview on the 
deep level defect formation in ion-irradiated GaAs. 
2.4 Implant isolation 
It is well established that electron or ion bombardment of a doped semiconductor 
leads to a reduction in free carriers. This effect is primarily related to the creation of 
traps and/or point defects due to radiation or implant damage. Current carriers are 
captured by damage related deep levels in the forbidden band gap. When the trap 
concentration is high enough to capture all the carriers a conducting doped layer 
becomes electrically isolated. 
Ion implantation is used for two purposes in GaAs. The first is to create doped 
regions, often selectively, by implantation into a partially masked substrate. The 
second is to destroy doping through the introduction of damage-related deep levels, 
which trap charge carriers and are not thermally ionised at normal device operating 
temperatures. Once again, this is usually done in a selective manner to provide high 
resistivity regions between adjacent devices. The degree of electrical isolation after 
irradiation and low temperature annealing is even superior to those provided by mesa 
structures and it can be demonstrated that implant isolation can substitute for mesa 
isolation to enable planarisation of the surface [7]. The choice of the ion depends on 
the thickness of the layer to be isolated and the required thermal stability of the 
isolation. 
There are two different mechanisms for the production of implant-isolated 
regions in III -V semiconductors. In both cases compensation results from the trapping 
of carriers by the deep-level centres which are not thermally ionised at normal device 
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operating temperatures. The first relies on the implantation of a species, which either 
by itself or in combination with impurities or dopants already present in the material, 
creates a chemically active deep-level state (e.g. 0, Fe, Cr) [6]. The second more 
commonly used method requires ion bombardment of neutral species to create 
damage-related deep levels in the material. In this latter case, the isolation results 
from the induced lattice damage and hence it is dependent on a variety of parameters 
such as ion mass, dose, energy and substrate temperature during implantation. 
High resistivity regions in doped GaAs can be produced by radiation damage 
resulting from the implantation of ions such as H~, He +, B+, and 0+ etc [7]. For 
electrical isolation purposes the irradiation is usually performed with light mass ions, 
this assures a penetration depth comparable to or larger than that of the doped layers 
at the required energies. The electrical isolation or carrier removal technique, was first 
applied [25] in the early 1970's, and is now used not only for ICs but also for HEMTs, 
HBTs, lasers, LEDs and for promoting the intermixing of quantum well structures to 
delineate waveguides and optical cavities for lasers and LEDs [7]. 
The damage-induced isolation is widely used in other device applications, 
including the fabrication of Il\1P ATT diodes, field-effect transistors, stripe-geometry 
heterostructure lasers, avalanche diodes, and mixer diodes. Most of the isolation 
schemes in use are peculiar to each particular process, and there are often differences 
reported in the efficiency of similar bombardment treatments in producing high 
resistivity material. This may be explained at least in part by surface conduction 
effects and the variation of the resistivity of the GaAs during subsequent low 
temperature processing steps. 
The number of carriers removed per implanted ion depends on the species and 
ion energy, and for examplel00 keY B t or 0+ ions remove -10-50 carriers per ion, 
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while H' removes 1-3 carners per ion [26]. Higher energy BT ions (lMeV) can 
compensate up to 200 carriers for each implanted ion. For the relatively shallow 
layers in GaAs MESFET structures, generally ions such as B+, 0- or F- are employed 
[26]. The next sections will cover a brief review on implant isolation in GaAs 
technology. 
2.4.1 Hydrogen and Helium implant isolation 
Proton eH+) implantation is widely used in III-V electronic and photonic device 
fabrication for isolating neighbouring devices. One reason is the relatively high 
projected range for moderate energy protons implanted into GaAs. A 100 ke V proton 
[26] has a projected range of about 1 /-lm in the material, making this species ideal for 
isolation of 1-2 J.lm thick lasers and bipolar transistors. The mechanism by which 
proton implantation produces carrier compensation is primarily through crystal 
damage. During implantation, energetic H+ ions create point defects in the crystalline 
material. These defects result in deep levels within the band gap that are able to trap 
both electrons and holes. 
It is more than thirty-four years since Wohlleben and Beck [27] reported the 
compensation of charge carriers in GaAs due to proton implantation. They reported 
that the smallest measurable electron and hole concentrations were about 109 and 10lD 
cm-3 respectively, corresponding to a resistivity value of 107 Q-cm. At the same time, 
the carrier removal rate was found to be very dependent on the position of the Fermi 
level. In addition, they also computed the differential removal rates and noted the 
similarity between the rates for n-type and p-type GaAs. Pruniaux [28] et al. 
investigated the carrier removal rates as a function of the proton dose at different 
depths in the crystal. They reported that the removal rate at the profile minimum had 
been observed to decrease rapidly after the samples were more than 600/0 compensated. 
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Many other groups [29] had performed similar experiments with protons in the energy 
range 60 to 400 ke V and reported that the carrier removal was energy dependent up to 
150 ke V and remained constant up to 400 ke V. These results were contradictory. F oyt 
[30] et al. found that profiles obtained from samples bombarded with 1013 ions/cm2 of 
100 ke V protons were not affected by annealing at 3000 e for 16 hours. However, 
there was a decrease in the magnitude of the donor peak at 400°C. But even at this 
temperature the low carrier concentration region remained semi-insulating and the 
carrier concentration in thi s region was estimated to be less than 1011 cm -3. Annealing 
at 7000e overnight resulted in complete recovery of the resistivity. Foyt [30] also 
stated that it was possible to carry out contact alloying at 5000e without removing the 
high resistivity layers. Donnelly [31] et al. reviewed many of these earl y 
developments concerning the electronic effects of hydrogen implantation in GaAs for 
device processing. They showed that the multiple energy bombardment was superior 
to single energy bombardment in producing high resistivity layers in n ~ GaAs. The 
compensated layers produced by such a multiple energy bombardment showed higher 
temperature stability than those for single energy bombardments. Proton isolation was 
used by Speight [32] et al. to electrically isolate the Il\1P ATT diode structure and also 
to suppress edge break down. According to Speight's experimental results, high 
resistivity layers produced by multiple energy implants were stable at 4000e for 103 
hours. At a temperature of 470 to 5000 e the resistivity was still as high as 108 Q-cm 
up to 102 hours and then it dropped to a value of 103 Q-cm. Many other groups 
reported that irradiation of GaAs by H+ ions with energies of 25 keV to 300 MeV at 
integral fluxes of (1 013 _10 16) H t /cm2 could lead to an increase in resistivity to - (10='-
109) Q-cm at 300K independent of the type of conductivity or form of the dopant 
impurity in the original crystal [33-35]. Schober [36] et al tried to understand the 
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nature of the defects produced by proton implantation and they carried out the proton 
implantation at 600°C into GaAs at 8 keV, and doses up to 1018 cm-2 were employed. 
These high doses resulted in the formation of a two-layer structure. The topmost layer 
roughly extended in depth to the range of the protons and exhibited a high 
concentration of loops, hydrogen bubbles, decorated dislocations, and faults. The 
deeper layer contained pressurised hydrogen platelets on (111). In general, the effects 
observed in the samples after hot implantation were rather similar to those after cold 
implantation and subsequent annealing. The main difference lay in the much lower 
mobility of point defects in the latter case. Deep level defects were identified by 
Seghier [37] et al. in high resistivity undoped LEC-GaAs irradiated with protons. 
Proton bombardment has already been used to isolate GaAs based device structures 
and to study the effect of such isolation like MOS-hydride epitaxial structures [38], 
planar doped barrier diodes [39], graded gap Gunn diodes [40], heterojunction bipolar 
transistors [41] and resonant tunnelling diodes [42]. 
Xiaosham [43] et al. characterised the heavily W-implanted GaAs layers 
isolated by a He+ ion beam of 2.1 MeV. Heavily implanted nitrogen degraded the 
crystallinity of GaAs, presumably due to the displacement of Ga and As atoms, which 
surrounded nitrogen atoms, when nitrogen was located at the interstitial sites. The 
damage created by 'He' ions in implanted layers was noted to be severe and a strong 
profile tail was depicted in implanted and annealed samples. Interstitial migration was 
speculated as the cause for the enhanced diffusion, which resulted in the tail. The 
electrical isolation of an n-type o-doped layer embedded into undoped GaAs was 
studied by Danilov [44] et al. using proton and helium ion bombardment The 
threshold dose for isolation of the layer was found to be roughly two times higher than 
that for thick-doped layers of similar carrier concentration. This discrepancy was 
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explained by taking into account the lack of space charge neutrality along the doped 
layer. The thermal stability of the isolation was found to be restricted to temperatures 
below 400°C, which was roughly 250°C lower than in wider doped layers. 
Furthermore; it was observed that the irradiated 8-doped layers had presented a 
conversion from n-type to p-type conduction after annealing at 600-700°C. The effects 
of implantation temperature on the isolation process in n-type GaAs layers were 
investigated by de Souza [45] et a1. It was found that the isolation was formed at doses 
that were quite similar for implant temperature from -100 to 220°C. It indicated the 
absence of any noticeable annealing of the carrier traps in the temperature range from 
RT to 220°C. In the range from -100°C to RT, roughly 50% of the formed traps at -
100°C were annealed out. It is obvious from their results that for 300°C, a dose of 1.3 
times higher than at RT is required to form the isolation. This can be understood 
considering that the traps were formed at a temperature, which was in a range where a 
pronounced annealing stage of carrier trap structure was already present. They further 
investigated the behaviour of sheet resistance with annealing temperatures for all 
mentioned implant temperatures and observed similar annealing behaviour. It 
demonstrated that implant temperature was a parameter of weak influence on the 
annealing behaviour of sheet resistivity. The effects of the proton irradiation dose and 
doping level on the thermal stability of the electrical isolation in n-type GaAs layers 
was also studied very recently by de Souza [46] et a1. They found that the stability of 
the isolation during post-irradiation thermal annealing used to increase progressively 
with the increase of the proton dose. They inferred that the isolation persisted after a 
thermal anneal when the residual trap concentration had exceeded that of the original 
carrier in the doped layer. For stability of the isolation at temperatures exceeding 
400°C the ratio between the irradiation dose and the threshold dose for isolation \-vas 
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concluded to be at least 5. Since the cascade collision and the formed damage 
structures were expected to be similar for light mass ion irradiation in GaAs, this ratio 
should be valid for other ions besides protons. Similar results were published for 'He' 
and 'B' by the same authors [47]. Uniform isolation of 0.2-0.8jlm GaAs layers \\ere 
achieved by using a single energy helium implant in the temperature range from 150 
to 200°C by Sengupta [9] et al. They showed that elevated temperature implants could 
achieve better isolation values. N-type GaAs layers were implanted by Knights [48] et 
al. using multiple-energy regimes with H+, He + or 0+ and maximum resistivity values 
were achieved after annealing at 500°C for the H and 600°C for 'He' and '0 samples 
The vacancy-type point defect density in equivalently implanted and annealed semi-
insulating GaAs samples were also analysed using a slow positron beam. The vacancy 
defects were removed from all semi-insulating samples at a temperature, which was 
100°C below that at which the maximum resistivity was achieved. Therefore, they 
concluded that such vacancy-types could be eliminated as the defect responsible for 
optimum electrical isolation of GaAs following implantation, and as the source of 
vacancies necessary to annihilate such defects. The evolution of the sheet resistance in 
n-type GaAs layers during ion irradiation was studied by de Souza [49] et aI. They 
used light mass projectiles like protons, deuterium and helium ions at various energies. 
The threshold dose to convert the n-type layer to a highly resistive one was found to 
closely correlate with the number of lattice atom displacements along the depth of the 
doped layer. These doses were quite similar for irradiation conducted at implant 
temperatures ofRT or 100°C, in spite of the enhanced dynamic annealing in the latter 
case. They identified antisite defects originating at the replacement collisions (If a 
moving atom strikes a stationary target atom and transfers more than its displacement 
energy to it, and the initial atom, after the collision, does not have enough energy to 
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move onwards and it is the same element as the atom it struck, then it just replaces the 
atom in the target. Therefore no vacancy is created i.e. a replacement collision. [13]) 
and/or their related defect complexes to be carrier trap centres, by virtue of their 10\\ 
sensitivity to dynamic annealing. 
A comparison of the compensating behaviour of protons, deuterons, and 
tritons was made by Steeples [50] et al. They concluded that deuterons remove 
carriers far more efficiently than either protons or tritons. In one of his other findings, 
Steeples [51] showed the increased compensating effect of deuterons and advocated 
their use in preference to protons for device isolation. It has been demonstrated that 
the overall carrier removal rate in n-type GaAs is at least twenty times greater for 
deuteron bombardments than for equivalent proton irradiations [52]. However, triton 
bombardments were only slightly more effective than protons at removing carriers in 
agreement with expectations. More than one explanation of the apparently anomalous 
effect for deuterons has been advanced, but there are two features in common. It is 
known that the ionisation produced during the irradiation leads to enhanced diffusion 
of defects [53] and it is suggested that there is a consequent rearrangement of certain 
damage centres. Secondly, the extent to which this process is operative depends on the 
particular isotope of hydrogen that is implanted and this is because of the difference in 
the localised vibrational mode of frequencies of the hydrogen atoms bonded to host 
lattice atoms [54]. Gecim [55] et al. demonstrated that the carrier removal caused by 
implanting equivalent doses of H~, H;, and H; ions into GaAs was identical and 
approximately independent of ion energy in the range 300-500 keY. Kim [56] has 
shown that the reduction of extrinsic base-collector junction capacitance is possible by 
using Helium implant isolation into a conventional AIGaAs/GaAs HBT structure. 
which is vital for microwave applications. In this case, a rapid thermal process at 
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400°C/20 s is needed to recover base resistance. Danilov et al. [57] has found that 
with relatively low helium ion doses, it is possible to create electrically isolated 
transparent windows along the optical cavity of InGaP/GaAs/lnGaAs lasers without 
any damage to the active region. 
2.4.2 Boron implant isolation 
Boron implantation is a convenient technique used in GaAs integrated circuits 
(IC's) and microwave device technology to insulate active regions. It replaces etching 
techniques and maintains a fully planar technology. It is now well established [58] that 
impurities like Cr +, Fe + or even Mn + out diffuse or redistribute under the thermal 
treatment at high temperatures (typically 800-900°C), modifying the electrical 
properties of a thin layer at the surface of the material. More especially, depletion of 
Cr+ was noticed within layers implanted with very large doses [59]. Boron was 
implanted at low dose (l01Ocm-2) into GaAs by Davies [60] et al. to determine the 
extent of carrier removal and to pinpoint annealing stages for carrier recovery. A 
removal rate of around 200 carriers per ion was found for lighter ions like boron. At 1 
Me V, compensating damage extended along the ion track right from the GaAs wafer 
surface. Partial recovery of the carriers as well as mobility occurred at the well-known 
225°C-electron damage annealing stage, and a further annealing stage was found at 
",525°C. Boron was deeply implanted in GaAs with doses [61] in the range 1010 to 
10 14B/cm2. Two different compensation mechanisms have been shown to be 
responsible for the carrier removal observed after implantation in n-type material: (a) 
compensation due to complex lattice defects corresponding to implantation damage 
(b) compensation due to chemical effects which consist of the formation of complexes 
between impurities already present in the starting material and the created defects or 
the boron implanted atoms themselves. Martin [62] et al. observed that for boron 
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. 11 17 -3 concentratIOn sma er or equal to 1.2xlO em, no drop of the free carrier 
concentration was noticed after an 860°C anneal. They expected that the presence of 
boron, sometimes detected in LEC ingots, did not affect the electrical properties of 
active layers of IC' s made by ion implantation, provided that its concentration in the 
starting substrate was smaller or equal to l017cm-3. Martin [63] used proximity 
annealing and tin ball as an ohmic contact alloyed at 400°C for 30 seconds prior to 
boron implantation for low temperature characterisation. The isolation characteristics 
of boron implants have been studied by Clauwaert [64] et al. who found similar dose 
dependence as for the proton implants to obtain high resistivity material. They found 
that with no annealing the dose required to produce high resistivity material was lower 
than when annealing was performed. Clauwaert characterised boron implantation for 
the electrical isolation of MESFET's in GaAs high-speed digital IC's. The boron 
implantation yielded very high isolation resistances, higher than lOGQ/D, and a high 
temperature stability, up to 500°C but only when low dose boron implants were used 
«lOI3cm-2). When a high dose (»1013cm-2) was implanted into the GaAs active 
layer, high isolation was only possible after a high temperature anneal treatment. 
McNally [65] used boron to selectively tailor silicon-implanted profiles. He showed 
that the tail of the silicon doping can be compensated by a deeper boron implant and 
has used this feature to produce MESFET's with improved current voltage 
characteristics. Similarly, Toulouse [66] et al. showed that the electrical properties as 
well as the annealing behaviour of these boron-implanted layers was very dependent 
on the boron dose itself. They tried SbN4 passivation during post-implant anneals 
followed by the formation of ohmic contact for characterisation. (In this case the 
device usually sees a temperature cycle of 450°C for alloying of ohmic contacts 
though for a short duration.) Kazior [67] implanted singly and doubly ionised boron 
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ions into bulk doped GaAs substrates at various doses and energies and the carrier 
removal profiles were determined. He found that substrate leakage current increased 
dramatically with increasing isolation ion doses. Singh [68] et al. reported on the 
temperature stability of boron implant isolation in GaAs MESFET type structures, 
passivated with PECVD ShN4 and using high temperature ohmic contacts. The boron 
implantation was observed to be stable after a one-hour anneals at 300°C. They 
further observed that at higher annealing temperatures of 300-600°C, the damage 
annealed out. ShN4 capping caused an increase of the isolation resistance at annealing 
temperatures higher than 600°C. This was explained by the evaporation of arsenic. 
Ooie [69] et al. studied residual damage in boron-implanted GaAsl AIGaAs using 
transmission electron microscopy both before and after rapid thermal processing. The 
results showed no extended defects in as-implanted materials. They observed a dense 
network of interstitial dislocation loops in boron-implanted samples after annealing 
and most of these defects were located in GaAs layers rather than AIGaAs layers. The 
boron atoms trapped at the interfaces were proposed to be responsible for these 
defects. Shuji [70] et al. investigated the electrical properties and isolation mechanism 
of the damaged layer caused by boron implantation. The optimum boron dose for the 
device isolation was set around 1013 cm-2. It was found that lower doses resulted in the 
reduction of the breakdown voltage, indicating the formation of a high electric field 
region. On the other hand, in the case of the higher dose, the leakage current 
increased. They measured the electric potential distribution and found that the boron 
implant damage acted as recombination centres and increased the side-gating effect 
threshold voltage by reducing the hole accumulation in the substrate. de Souza [71] et 
al. performed the irradiations with IIB+ ions to create specific damage conduction 
level. They analysed the evolution of the sheet resistance in terms of depth 
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distribution of the irradiation damage. Subsequently the thermal stability of the 
isolation after irradiations was investigated and three specific damage concentration 
levels were considered. It is interesting to note that in de Souza's findings. at a 
specific damage level corresponding to the onset of the isolation, the stability is 
restricted to temperatures below 200°C. They argued that this annealing stage resulted 
from reaction between simple isolated defects. The thermal stability of the isolation 
extended to temperatures of 550-600°C, where hopping conduction was apparent. 
They further argued that the distribution of complex defects at temperatures above 
550°C was responsible for the generation of the vacancies, which had reacted with the 
antisite defects, causing their annihilation. Only a marginal improvement of thermal 
stability was noted for further increase of dose by another order of magnitude. They 
proposed that the dose corresponding to the damage level where hopping conduction 
was apparent could be helpful in achieving the optimum isolation without requiring 
post-irradiation annealing. 
2.4.3 Oxygen implant isolation 
It has been found that oxygen has a definite advantage over protons in 
compensating the electrical activity [72]. The compensation achieved by proton 
bombardment is not very stable above a temperature of the order of 500°C because of 
the annealing of those defects created by ion implantation, whereas the oxygen 
implanted layers have been found to remain compensated up to about 900°C [73] This 
is thought to be caused by a doping effect of oxygen resulting in deep levels in GaAs 
[74]. Oxygen in GaAs does not appear by itself to be electrically active at high 
. (1017 -3) 
concentrations, but does form a deep acceptor level at low concentratIOns:::; cm 
in n-type GaAs [75]. Gecim [76] et al. measured carrier removal profiles in annealed 
GaAs samples and found that a dose of 1015 O+/cm2 at 400 keY could create a high 
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resistivity layer about 0.6 ~m thick in material with an initial carrier concentration of 
about 8x 1 016 electrons/cm3. Neida [77] et al. demonstrated the creation of deep (Be -_ 
0+) complex donor levels in oxygen-implanted, Be doped GaAs. The presence of this 
level creates thermally stable, high resistivity material. Favennec [78] was the first to 
publish results, which showed that oxygen could be used to form semi-insulatino 
:=> 
layers in epitaxial GaAs doped with tin, silicon, selenium or tellurium. He showed 
that compensation due to oxygen remained even after annealing above 600°C in 
contrast to the results obtained for protons. He concluded that the compensation 
observed, after 600°C anneal, was not due to residual implantation damage but 
postulated that the oxygen formed a deep double electron trap. He found no 
dependence of the compensation on the ion used in the doping process, but this view 
was contradicted by the results presented by Berth [79] et aI., who found that the 
compensating effect was strongly dependent on the initial donor species used. They 
showed that the compensation could be retained at higher temperatures if silicon 
rather than selenium were used as the implanted dopant. The nature of the 
compensation has been studied by Asano [80] et aI., but they could produce no 
definite model. They concluded that the compensation was due to oxygen related 
defects, which were different from those, introduced by proton implantation. They 
found two trap levels associated with the oxygen, which did not exist in the starting 
material. Von N eida [81] et al. had implanted oxygen into both p-type and n-type 
material but after annealing at 900°C, only found significant compensation for the 
beryllium implanted material. Their results showed that the compensation for the 
other ions was removed at lower temperatures for the n-type dopants than for the p-
type. They suggested that the carrier removal for all but beryllium-doped material was 
consistent with damage related centres. However the work of Adachi [82] on 
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GaAsl AIGaAs heterostructures did not show a highly compensated layer from 
beryllium and oxygen implants after annealing above 600°C. Similarly, Humer-Hager 
[83], whilst finding compensation of beryllium-doped layers using oxygen saw no 
differences between these results and those for magnesium implanted layers. 
Whitehead [84] et al. concluded after oxygen implantation into n-type layers formed 
using silicon implants that two regions of compensation existed after oxygen 
implantation and annealing. Firstly, in the near surface region where compensation 
was thought to be due to electronic damage introduced by oxygen ions and secondly, 
compensation in the tail which increased with oxygen dose and coincided with the 
oxygen and nuclear damage profiles. Other results by Whitehead [85] et al. confirmed 
that the compensation introduced by the oxygen implantation was the product of both 
damage related centres and a mechanism, which required the presence of the oxygen 
atom itself, and hence the behaviour of oxygen was suggested to be complex. The 
modification of the refractive index of GaAs by direct oxygen ion implantation was 
investigated by Chan [86] et al. As implanted wafers showed an increase in refractive 
index of about 0.1 to 0.2 and this was attributed to the formation of an amorphous 
GaAs layer in the implanted region. They suggested that this result was independent 
of the type of GaAs substrates being implanted. The refractive index almost 
completely recovered its original value after rapid thermal annealing at 600°C for 9 
sec. Their results suggested potential applications of ion implantation in the 
fabrication of integrated waveguides in III-V semiconductors. He [87] et al. 
investigated the effects of oxygen, boron and fluorine ions implanted into GaAs by 
electrical characterisation using current-voltage, capacitance-voltage and deep level 
transient spectroscopy techniques. They concluded that for the same dose and ion 
energy, ion mass was the most important factor for compensation. By electrical 
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characterisation and heat treatment comparison, damage induced traps were identified. 
These traps were mostly point defects or point-defectlimpurity complexes since they 
were very sensitive to heat treatments. They further concluded that all hole traps were 
defect-related. Yamazaki and co-workers [88] implanted singly and doubly charged 
oxygen atoms into heavily doped n-GaAs and obtained highy resistive regions of 108_ 
109 ohms/square in a dose range 1015 cm-2 after annealing at 550°C for 10 minutes. 
Furthermore, they found that the implanted oxygen profiles were stable up to 
annealing temperature of 700°C. 
Post-implant annealing at high temperatures sometimes causes degradation in 
the epilayer properties in the active device regions of heterojunction bipolar transistor 
(RBT) or field effect transistor (FET) devices. Therefore, lowering the post implant 
annealing temperature is very important. However, little data has been published on 
the study of the isolation region formation in GaAs for the purpose of lowering the 
process temperature by hot implantation. Hajime [89] et al. addressed this issue with a 
description of fundamental information on electrical and optical properties in oxygen 
implanted into GaAs at elevated temperatures. The measured resistivity, its activation 
energy as an index of electron trap levels, and the Raman shift as an index of the 
degree of damage was described. Hot implantation at 300°C at an energy of 170 keY 
and a dose of 1015 cm-2 resulted in high resistivity of 4x 1 06 ohms/square without post-
implant annealing at 400°C. These values were about one order of magnitude higher 
than those obtained after implantation at room temperature with the same energy and 
ion dose. The high resistivity after hot implantation (with activation energy of 0.06 
electron volts) was attributed to the removal of hopping conduction. The effecti\e 
reduction in implantation damage resulting from hot implantation, which induced the 
removal of hopping conduction, was confirmed by laser Raman spectroscopy. 
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Similarly, Zhao [90] et al. studied the nature of implant isolation at different substrate 
temperatures. They commented that the implant isolation on n-type Si-implanted 
GaAs changes with the target temperature. The target temperature of 350°C for 0-
implantation could increase the sheet resistance when the annealing temperature was 
lower than the optimum value of 600°C. 
2.4.4 Other ions 
A number of other electrically inactive ions have been investigated to produce 
implant isolation. Kato [91] et al. studied the behaviour of electrical conductivity of 
disordered layers in GaAs produced by ion implantation. Implantations were done on 
the (100) face of the samples at room temperature, using Kr+, Ar+, Ne+, N+ and He-
ions with various energies. The conduction mechanism of the implanted layers was 
based upon hopping in disordered or amorphous semiconductors. The annealing 
behaviour of the implanted layers was also studied and it was suspected that the 
implanted layer was in a disordered state rather than in a crystalline state containing 
the point defects. Rao [92] et al. examined the compensation behaviour in implanted 
n-GaAs due to arsenic implantation with subsequent annealing at high temperatures. 
They compared those results with hydrogen and boron implant isolation and found 
that in the case of protons, the compensation was due to un-annealed defects in which 
a substrate-impurity atom (dopant or residual) was participating. In the case of boron-
implanted layers, the compensation observed was tentatively attributed to the excess 
arsenic vacancy associated complex, formed in association with an impurity atom 
originally present in the substrate. An explanation similar to that proposed for boron 
was advanced to interpret the compensation observed in the arsenic implanted layers. 
In that case, excess gallium vacancy associated complexes were thought to be 
responsible for compensation. Kular [93] et al. carried out electrical, Rutherford 
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backscattering and transmission electron microscopy measurements on GaAs samples 
implanted with zinc ions and a correlation between three types of measurement 
techniques was established. Four distinct annealing stages were identified to attain 
optimum sheet resistivity in this case. Atomic nitrogen introduced into GaAs by ion 
implantation was shown by Duncan [94] et al. to compensate n-type material after 
annealing. The compensation behaviour was operative for both Si- and S-doped n-
type MESFET channels. It was commented that the compensation behaviour was not 
solely due to residual ion implantation induced lattice damage but required nitrogen to 
be present. Short [95] et al. proposed a phenomenological model consistent with the 
various stages of evolution of the resistivity in ion-bombarded GaAs. Fluorine, neon 
and oxygen ions were used as the bombarding species. At annealing temperatures 
below 500°C, the implant-induced point defect background was so dense that 
electrons trapped in mid-gap levels hopped from one damage site to a nearby one. 
This low mobility conduction leads to an intermediate resistivity value. Above 500°C, 
the point defect background was much reduced, and there were fewer damage sites 
than free electrons, and the resistivity was restored to its initial value. For annealing 
around 500°C the damage was reduced to the point where electrons were unable to 
hop from site to site, and the point defect concentration was still larger than the 
electron density, so practically all electrons were trapped creating the region of 
maximum resistivity. Nojima [96] et al. has compared the isolation effects of 
chromium and oxygen and suggested that chromium diffused at temperatures around 
700°C to form thick compensating layers, even after annealing above 800°C. Similarly, 
Davies [97] et al. compared the compensating effect of boron, nitrogen and fluorine 
and observed two annealing stages in nitrogen implanted samples, first at 22 ~,'C 
which they attributed to the removal of point defects and further at 525°C due to the 
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removal of extended defects. Ren [98] et al. showed that implant isolation schemes 
have an excellent stability in GaAs at temperatures in excess of typical junction 
operating conditions. They reported the time dependence of the resistance of fluorine 
and protons implanted into n + and p + GaAs at 200°C. The samples were held at a 
temperature of 200± 10°C on a hot plate, and the resistance of the implanted region 
between the ohmic pads was continuously monitored. Arrhenius plots of the 
measurement temperature dependence of the resistance of the isolated regions showed 
that there was only one slope present both before and after long-term ageing. The 
activation energies were found to be higher for fluorine implanted material than for 
proton-implanted material. This was probably due to the fact that the heavier fluorine 
ions create larger defect clusters, which are more effective traps than those created by 
the light mass protons. These traps were quite stable at 200°C in both n- and p-type 
GaAs. Shwe [99] et al. presented results on the depth distribution of damage in GaAs 
generated by various ion-assisted processes. They showed examples of damage 
profiles created in helium and argon implanted GaAs. They compared the normalised 
damage profiles produced by argon implants in GaAs using different ion energies and 
dose. The values were found to be in complete agreement with the theoretical 
distribution. Claverie [100] et al. showed that arsenic implanted and consequently 
arsenic rich GaAs was rendered amorphous by ion implantation. They showed the 
possibility to adjust the thickness of the subsequent semi-insulating layer and to 
monitor the amount of excess arsenic in the crystal by selecting the implantation 
parameters. Furthermore, by selecting the annealing temperature it was possible to 
fabricate either a material very similar to the as-grown L T -GaAs or a material similar 
to annealed L T -GaAs. 
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The detailed literature survey presented in this section reflects that a great deal 
of information is available on the implant isolation of GaAs technology. It is now 
established that the high resistivity regions in doped GaAs layers can be produced by 
radiation damage resulting from the implantation of the ions such as hydrogen, boron, 
oxygen etc. The ion bombardment of electrically inactive species creates damage-
induced deep levels in the material that compensates free carriers. It is generally 
believed that the main point defect in semi-insulating GaAs, the so-called EL2 level 
(related to an As antisite complex) is responsible for the carrier compensation in 
doped GaAs. It is also established that the implantation parameters such as dose, ion 
mass, etc. influence the quality of electrical isolation in GaAs based devices. However, 
despite the fact this area has received much attention, the information necessary to 
effectively design isolation implant schedules to compensate implanted or epitaxial 
layers is not readily available. Moreover, a detailed study regarding the influence of 
the implantation temperature on the degree and quality of isolation is still lacking in 
the literature. The objective of this work has been to obtain a better understanding of 
the implant isolation mechanisms in GaAs and to especially investigate the potential 
of elevated temperature implantation for isolation. This work is also focused to obtain 
a readily available recipe to calculate the right implant conditions for the optimum and 
stable isolation in GaAs technology. 
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3 Experimental Techniques 
3.1 Ion Implantation Technology 
3.1.1 Ion Implantation 
The Danfysik 1090 Ion Implanter is used throughout this work for 
implantation energies up to 200 keY. For further higher energies the 2MV Van de 
Graaff Implanter was used. A commercial ion implanter is shown in figure 3.1. The 
basic configuration of an ion implanter includes an ion source, means of ion 
extraction, acceleration to high energies, and beam manipulation. The ion implanter 
requires a high vacuum system in order to generate a plasma and transport an ion 
beam from the ion source through the analyser magnet to the process chamber [lOll 
The Ion Source, in which ion species are produced, has a chamber, which is 
short in length, relative to its transverse dimensions, and the RF antenna is at an even 
shorter distance from the plasma grid, which contains one or more extraction 
apertures. The RF electric field coupled into the plasma chamber maintains a low 
pressure (10-2-10-3 Torr) discharge. Positive ions are expelled from the discharge by a 
negatively biased extraction electrode [1 02l The analyser magnet is used to select the 
desired ion species. As the ions travel through the magnetic field, the magnetic force 
serves to move the particles in a circular path, according to the right hand rule After 
selection of the desired ion species, electrostatic deflection is used to raster the beam 
across an earthed aperture plate, which determines the beam area on the sample This 
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is achieved through parallel , vertical and horizontal plates held at different potentials. 
Alternatively the samples are mechanically scanned across the beam. 
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Figure 3.1: A commercial Ion Implanter. 
As the ion beam is directed into contact with the wafer, the wafer charges as 
the positively charged ions strike the wafer surface. The charging is often non uniform 
and can create large electric fields at the wafer surface (which could be as much as 
several hundred volts) and damage the wafer, making it unsuitable for use a a 
semiconductor material. In order to neutralize the charge, an apparatus is pro ided in 
Implant Isolation of Gallium Arsenide 
which electric charge of opposite polarity to that of the charged beam is generated 
near the wafer surface to neutralize the charged beam or build-up of electrostatic 
charge on the wafer surface. There are several different methods of accomplishing 
this. The Faraday Cup is arranged in the process chamber and beam line, 
corresponding to an ion beam shooting position. For each positive ion that enters the 
Faraday cup, an electron is drawn from ground through the current meter to neutralize 
the positive charge of the ion. The magnetic field stops outside secondary electrons 
from entering and secondary electrons produced inside from exiting [101,1 02]. 
Secondary electron emission is limited by the application of positive bias (say 
300V) to a metal plate located between the sample and aperture plates. Direct 
observation of the beam current between the sample plate and earth allows the 
machine conditions to be optimised prior to implantation. Current integration allows 
the implanted dose to be calculated since [102] 
N = Q 
D eA 
(3.1.1) 
where Q is the total integrated charge 
ND is the implanted dose 
e is the electronic charge 
A is the beam area defined by the aperture plate 
3.1.2 Masking 
An appropriate mask on the sample surface needs to be used to facilitate 
selective area doping/isolation [17]. For a masking effectiveness of99.99 % the mask 
thickness should be R[' + 3.72 \Rp of the implanted species in the masking material 
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[103]. Different methods have been successfully used for masking implants in 111-V 
semiconductors. In one case, a combination of several micrometers thick lavers of 
photo resist followed by plated gold was used [104]. But this technique is unable to 
withstand hot implantation because of overheating of photo resist. Polyimide is less 
susceptible to thermal or implantation damage. Another masking technique used was 
multilayer mask containing plasma-enhanced chemical vapour deposition (PECVD) 
ShN4 and Ti with several micrometer-thick Au on top [105]. Layers of high atomic 
mass constituents (metals like Au, Ti, Cr, MO, etc.) have also been used during 
implantation in order not to spoil the surface morphology of the sample. In this work, 
molybdenum (Mo) foils or tin (Sn) contacts have been used to mask the region for 
isolation. 
3.2 Plasma Enhanced Chemical Vapour Deposition (PECVD) 
For ion-implanted GaAs, annealing at a temperature above 600°C is required in order 
to activate the implanted impurities and to regrow the radiation damaged crystal. 
Therefore, one must find a way to minimise vaporisation of the samples. It is 
necessary to deposit a thin dielectric layer on the surface of the sample to maintain the 
stoichiometry of the material and to act as a barrier to out diffusion of either the 
implanted impurities or the host atoms. In the conventional CVD method, silane and 
ammonia decompose at a high temperature within the chamber, depositing silicon 
nitride layers on the substrate according to the following reaction [106]: 
(3.2.1) 
This process requires the sample to be heated to temperatures of at least 600°C. In the 
PECVD process used for the samples in this work the reactants are formed into a 
plasma above the sample which allows the growth temperature to be reduced to about 
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300°C, as shown in Figure 3.2. All the material used in this work was encapsulated 
with plasma enhanced chemical vapour deposited silicon nitride before implantation. 
Low-oxygen content ShN4 can alleviate the gallium out diffusion problem as 
well as retard arsenic out diffusion and oxygen in diffusion. These factors have made 
SbN4 the most widely used cap, which has gained popularity in recent years over 
SiOxNy and AlN [107]. 
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Figure 3.2: Typical PECVD configuration. 
3.3 Rapid Thermal Annealing 
The types and amount of damage produced by the implanted ions depend on 
ion species, energy, dose, wafer temperature and orientation, dose rate, and materials 
covering the substrate. The as-implanted defect morphologies then change during 
wafer annealing, depending on temperature, time, furnace ambient, and ramp-
up/ramp-down rates [106]. Many of the point defects (vacancy and self-interstitial 
defects) are generated during the changes from as-implanted damage to stable or 
dissolved-damage structures as a result of annealing. In order to activate the implanted 
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dopants, the GaAs wafers must be annealed at a high temperature. Conventional 
furnace annealing processes need long times to activate the dopants. In general, to 
recover the lattice order and to enable the dopant atoms to fmd substitutional sites 
where they are electrically active, implanted GaAs needs to be heated to a temperature 
in the range of 800 to 950°C for relatively short times (say 10-100s). Rapid Thermal 
Annealing (RTA) differs from furnace annealing (FA) in the way (refer to figure 3.3) 
the wafers are heated (radiative versus convective and conductive) and in the rates at 
which wafers are heated and cooled (e.g.1 0 to 200°C/sec versus 5 to 50°C/min, 
respectively). Even though RTA rates are rapid and optical excitation of the 
semiconductor produces a large number of electron-hole pairs, the relaxation of 
excess free carriers is much shorter than the temperature ramp rates. The carrier levels 
are considered to be at equilibrium, and processes such as impurity diffusion and 
defect annealing in the semiconductor are believed to be in thermal equilibrium 
during the RT A temperature cycle. Despite the obvious advantages of RT A over 
conventional furnace annealing, there are various problems, which need to be taken 
into consideration. The measurement of sample 
RTA 
Furnace 
\ lOs \ 
,J>-'--
5s 
'--
Time 
Figure 3.3: Schematic of temperature response ofRTA and FA . 
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temperature during RTA is not straightforward and can have a large error. For a given 
piece of equipment, however, the reproducibility of the sample temperature can be 
exceptionally good [108]. 
In GaAs, after 850°C115 min quartz tube furnace annealing, 95-100% donor 
activation was obtained for a Si dose of less than or about 5xl013 cm-2 and ion 
energies 2: 3 MeV [104], [109]. But for higher doses the activation falls drastically to 
values close to zero for furnace annealing [109]. For high dose implants RT A 
undoubtedly provides superior dopant activation and carrier mobility compared to 
furnace annealing [104], [109]. An example of the carrier concentration and mobility 
profiles for Si-implanted GaAs after lOs anneals at temperature ranging from 750 to 
1100°C is shown in Figure 3.4. 
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Figure 3.4: Carrier concentration and carrier mobility profiles after RTA process at 
lOs, for different depths [109]. 
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The activation of only 50-80 % is achievable for doses like 1 xl 0 I ~ cm -2 in S i-
implanted GaAs. Poor donor activation in GaAs is due to the formation of complexes 
of donor impurities and native defects, which have acceptor or neutral behaviour 
[110]. 
3.4 Optical Lithogra phy 
Optical lithography comprises the formation of images with visible or 
ultraviolet radiation in a photo resist using proximity or projection printing [Ill]. In 
this work positive resist (a glass plate with pattern of opaque material that stops the 
EXAMPLE STAGES OF PHOTOLITHOGRAPHY: 
1. Wafer is oxidized 
silicon dioxide I=:~""" I 
2. Oxidizedwafer is covered 
with photoresist. 
--/ photoresist 
r """""""""""'",',',',', .. """'\ 
3. Wafer is exposed to UV 
light through a photomask. 
ul tTaviolet radiation 
t • • i t 
""""""""""",."""""",,,,,,,, :'''''\ 
4. Unexposed photoresist is 
dissol ved in developer solution. 
" I 
S. Oxide now unprotected by 
photoresist is etched away 
in hydrofluoric acid. 
E :=9 
6. The rest of the photoresist 
is renwved Wafer is now 
ready for doping. 
Figure 3.5: Lithography and etching process steps. 
'Light') was used which means that the UV-light passes through the clear portion of 
the mask. The opaque patterns of the mask are located where the portion of the 
sample needs to be protected. For integrated circuit production the line width limit of 
optical lithographY is approximately OA)lm, although features can be printed e en 
down to lOA under carefully controlled conditions [108]. In particular, the photo re i t 
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AZ4330a was spinned on the samples at 4000 Revolutions Per Minute (RP\1) for 
50sec to create a film ~3/-lm thick. After a pre-bake of 30sec. the samples were 
exposed for 3.6sec in the mask aligner, and then they were developed with AZ400K 
Developer diluted 1:3 with de ionised water. Transference of an image to the resist by 
using a mask and etching of the exposed regions is shown in Figure3.5. Silicon is 
used here as a reference substrate. 
3.5 Hall effect measurements 
3.5.1 Hall effect 
Carrier mobility is a measure of the impurity content, quality and homogeneity of 
semiconductors and coupled with carrier concentration provides the basic parameters 
for most practical and theoretical assessments. These basic parameters are determined 
by measuring resistivity and Hall coefficient [111]: 
(3.5.1) 
(3.5.2) 
Where VH is the Hall voltage, RH is the Hall coefficient, I is the current through the 
specimen, A the specimen cross sectional area, w its thickness, and B the magnetic 
field. In our case, resistivity and Hall voltage measurements were made on cloverleaf 
shape samples (Figures 3.6a & 3.6b) to obtain estimates of the carrier concentration 
and Hall mobility. 
Figure.3.6 (a): Schematic of resistivity measurement [111]. 
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The resistance of two adjacent pairs is given as [111]: 
V 
R -~ 1-
11,2 
and V R =~ 2 
12,3 
(3.5.3) 
These measurements were repeated and averaged with the current reversed to 
eliminate the effect of contact resistance. The subscripts 1,2,3 and 4 refer to the four 
contacts on the cloverleaf. The sheet resistivity can be expressed by: 
R. =~[Rl +R2]F 
.\ In2 2 (3.5.4) 
Where F is the correction factor, which is a function of RJ and R2, which tends 
towards unity for a symmetrical sample. The Hall coefficient is estimated by 
measuring the voltage V3,J with and without the magnetic field perpendicular to the 
sample surface. The Hall coefficient is then given by: 
(3.5.5) 
Where VHB is the Hall voltage with the magnetic field and Va is the voltage with no 
magnetic field applied. The sheet carrier concentration, ns, and sheet mobility, Jls can 
be calculated from: 
r (3.5.6) n =--
S qR
HS 
(3.5.7) 
Where q is the electronic charge, and r is the Hall scattering factor equal to the ratio 
of the Hall mobility to the conductivity mobility; r is generally assumed to be unity. 
which is true for degenerate semiconductors, but the assumptions can give rise to 
errors of up to 400/0 for non degenerate semiconductors. 
117 
) 
/ ) 
/ / , ( j 
Implant Isolation of Gallium Arsenide 
Electrical contact 
Etched region 
Figure 3.6(b): Cloverleaf shaped sample used for the Hall measurement [108]. 
3.5.2 Layer Removal Technique 
Sheet measurements are combined with a layer removal technique-
anodisation (shown in figure 3.7) to measure the vo lume carrier concentration and 
mobility profiles of the sample. The carrier concentration ni and the mobility ~i can be 
, 
V <Vanod • ·. k.) , .' f' ,. 
V>Vanod • :J 
Sample Carbon 
Electrode 
Electrolyte 
Vanod /: V I /1 I anodise 
/ ! 
/ t hold 
Voftset ~ 
0 time 
Figure 3.7: Layer removal technique [112]. 
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calculated from the measured values before and after the ith layer has been removed. 
~(_I ) 
R / 
nj - s - (3.5.8) qdJ.1 j 
(3.5.9) 
where di is the thickness of the ith layer 
~(_I ) = (_1 __1 R j R)j (R )/+1 
s s s 
(3.5.10) 
In 'Anodic oxidation' or anodisation method, the immersed semiconductor in 
an electrolytic bath acts as the anode and the cathode is a carbon electrode (refer to 
Figure 3.7). A current flow through the electrolyte leads to the formation of an oxide 
on the surface of the semiconductor. The oxide thickness is a function of the potential 
difference between the semiconductor and the electrolyte. The oxide is then 
selectively etched away without loss of the underlying semiconductor. Strong 
illumination is necessary to photogenerate holes in n-type material and is also useful 
in p-type material to ensure that the anodising current is independent of carrier 
concentration. This process results in thin parallel layers being removed from the 
sample in a controlled and repeatable manner. Fig 3.7 also illustrates the behaviour of 
voltage and current as a function of time during anodisation [112]. 
3.5.3 Temperature Dependent Resistivity Measurement 
If a Liquid Nitrogen Cryostat is attached to the Hall system [113], it enables 
the range of the basic system to be extended to temperatures from 90K to SOOK. The 
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complete system allows temperatures to be scanned through a predetermined ranae 
b' 
and results to be collected automatically for a number of steps specified. Data can be 
acquired for fixed linear and/or inverse temperature increments over the specified 
range. This is a flexibility by which one can measure the activation energy (Ea) using 
the Arrhenius plot for sheet resistivity (Rs) governed by the following equation: 
(3.5.11) 
3.5.4 Measurement Errors and Limitations 
A number of errors must be considered when Hall effect measurements are 
made [114]: 
(a) Hall scattering factor 
The uncertainty in the value of the Hall scattering factor can gIve rise to 
significant errors in the determination of carrier concentration. In all measurements 
the scattering factor has been assumed to be unity. The actual value of the scattering 
factor depends on the impurity concentration and the dominant scattering mechanisms 
present in the sample. It is, however, a non-trivial problem to work out the actual 
value of the scattering factor because in many cases several scattering mechanisms 
may act simultaneously. Some studies have shown the assumption that the scattering 
factor is unity may lead to an error of about 15%. However, the assumption that the 
scattering factor is unity should not lead to large error when the profiles of similar 
concentration are compared like the samples used in this study. 
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(b) Electrical measurement 
The accuracy to which sheet electrical parameters can be measured limits the 
depth resolution, which in turn is related to the magnitude of the carrier concentration. 
Thus the best depth resolution is achieved for high carrier concentrations and the 
worst for low carrier concentrations, which may lead to an error of about 20% [12l 
(c) Etch rate calculation and Non-uniform etching 
In general, it is assumed that the etch rate remains constant during profiling. 
However, for ion-implanted material in which significant residual damage may exist, 
the etch rate may vary with depth and effect the accuracy of the profile determined by 
an error of about 1 to 5% [Ill]. The uniformity of the etching across the clover leaf is 
clearly important for the etch rate calculation. Non-uniform etching will have the 
effect of distorting profiles but this is not normally a problem. 
(d) Air-Semiconductor Depletion 
The Hall measurement technique assumes that the current is uniformly 
distributed throughout the layer. However, a depletion layer exists at the air-
semiconductor interface. When profiling is attempted the estimated etch step will not 
be an accurate measurement of the depth change between the sheet values unless the 
depletion depth is accounted for. This is not a problem for high carrier concentration 
material (>5xl017 cm-3) but leads to large errors (up to 20% [114]) in profile shape for 
carrier concentrations below about lxl017 cm-3 [85]. 
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4 Experiments and Results 
4.1 Method 
Czochralski grown semi-insulating GaAs of <100> orientation was implanted 
with multiple energy silicon ions to form an approximately flat dopant distribution 
extending to 0.5 microns in thickness, unless otherwise stated. All doping implants 
were performed at room temperature using a Danfysik 1090 implanter. The normal to 
the sample was inclined at 7° with respect to the beam to minimise ion channelling. 
The wafers were encapsulated on both back and front sides with 500-800 A of Si3N4 
deposited by the plasma enhanced chemical vapour deposition (PECVD) technique at 
a temperature of 300°C. Rapid thermal annealing (RTA) was carried out at 900°C for 
60s in order to electrically activate the implanted Si. The encapsulant was removed in 
10% buffered HF acid and cleaned with organic solvents after being cleaved to obtain 
several samples of approximately 1 cm2. Clover-leaf patterns were photo-
lithographically defined on the surface of the wafer using photoresist. Following this 
process, the exposed area of the samples was etched to a depth of 4 11m in a solution 
of H20 2: H2S04: H3P04 (1: 2.5: 2.5 vol.) or H2S04: H202: H20 to form structures 
suitable for van der Pauw measurements. The total etch depth was measured using a 
Rank Taylor Hobson Talystep, the error typically being 5%. 
The samples were separated into three groups, following the removal of the 
photoresist. Group I samples were used as controls from which pre-isolation implant 
values were obtained. Group II samples were capped for a second time with 500 .\ of 
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Si3N4 on both sides. Ohmic contacts were formed on the group III samples using tin 
(Sn) dots applied to the GaAs surface and annealed for 1-2 minutes in a forming gas 
ambient. 
The isolation implants were performed usmg a 2MV High Voltage 
Engineering Europe (HVEE) implanter with a suitable dose and substrate temperature. 
A special hot stage was used to maintain the samples at elevated temperature during 
implantation. The temperature was monitored by a thermocouple and was stable 
within ±2°C of the temperature range. During implantation the beam current was 
maintained below O.ll1lA cm-2. In group II samples whose contacts were not prepared 
prior to the ion irradiation, the masking was provided by thin molybdenum foil. The 
doped regions under the contact areas of group III samples were masked using the 
previously applied Sn contacts. 
Samples were annealed in the range 100-850°C for 60s or stated otherwise. 
The temperature control accuracy of RTA was ±5°C. For an annealing temperature 
greater than 500°C, group II samples were used. These samples subsequently had their 
caps removed and Sn contacts applied as described above. For the samples annealed 
at less than or equal to 500°C, and for three samples that were used to measure as-
implanted values (with no anneal), group III samples were used. 
The values of sheet resistance, carrier concentration and mobility were 
determined by performing van der Pauw measurements using a Bio-Rad HL5900 
system. Temperature dependence of resistivity was performed on a Bio-Rad system 
HL 5550, whenever needed. Activation energies are extracted from the measured data. 
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4.2 Isolation of n-type GaAs by hydrogen implantation 
4.2.1 Isolation with a single dose at RT, 100°C and 200°C 
This experiment deals with the formation of electrical isolation in Si-doped 
GaAs layers using 250 ke V hydrogen ions at three different substrate temperatures 
CRT, 100°C and 200°C) during implantation. The effects exhibited by elevated 
temperature implants as compared to room temperature implants are studied here in 
terms of the annealing characteristics of the sheet resistivity for all three substrate 
temperatures. 
The n-type region was formed by Si ion implantation into semi-insulating 
GaAs. The implant schedules are given in Table 4.1. The n-type dopant distribution 
formed by silicon implants into GaAs and the vacancy distribution created by proton 
isolation implants, as determined by Transport of Ions in Matter (TRIM) [15], are 
shown in Figure 4.1. The implants performed at 250 keY place the peak of the 
vacancy distribution far from the near-surface region but the level of damage is nearly 
constant within the n-type doped layers. From the Kinchin-Pease formula used in 
TRIM one finds that a 250 ke V proton implanted in GaAs creates approximately 10 
displaced atoms. The projected range of the protons is about 2 ~m. It is clear that the 
isolation of the n-type layer is due to contributions from the relatively low 
concentration of nuclear stopping defects and defects created via the electronic 
stopping process. 
Table 4.1: Implant schedule for 29Si+ into SI-GaAs, forming a flat dopant distribution. 
Dose, (cm -2) 
3.0x1013 
I.IxIO I3 
2.7xI012 
Energy,( keY) 
300 
110 
26 
Rp , (JIm) 
( calculated) 
0.32 
0.11 
0.03 
8Rp , (JIm) 
( calculated) 
0.15 
0.07 
0.02 
Figure 4.1: 
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Figure 4.2 shows the evolution of sheet resistivity (Rs) after the isolation-
implant as a function of annealing temperature. Sheet resistances of 85 to 130 !lID 
were measured in the group I samples, with the Hall mobility of the carriers in the 
range 1900 to 2350 cm2V 1s-1. The resistivities before proton implantation were found 
to be consistent with those expected for Si-doped GaAs [106]. The evolution of sheet 
resistivity is shown by three different curves, corresponding to the three different 
c:c: 
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substrate temperatures of RT, 100°C and 200°C respectively. After implantation with 
3xl 0
14 
protons cm-
2
, the sheet resistivity increased from about 130 nJD to 2.6xl04 
.ol D for RT implanted samples, from 106 .ol D to 4.1x106 .ol D for 100°C implants 
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Evolution of sheet resistivity in proton implanted n-type GaAs layers 
irradiated with 3xl0 14 cm-2 at 250 keY at RT, 100°C and 200°C. 
Annealing time is 60s. 
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and from 85 OlD to 6.0x106 OlD for 200°C implants. It is interesting to note that the 
sheet resistivity for RT implanted samples is more than two orders of maanitude 
;:, 
lower than those implanted at either 100°C or 200°C. 
The other interesting feature of figure 4.2 is that the as-implanted Rs values 
after implantation at 100°C or 200°C is roughly two orders of magnitude higher than 
those obtained after annealing either at 100°C or 200°C in samples implanted at R T 
with the same dose and ion energy. 
As the RT -implanted samples are annealed at progressively higher 
temperatures, the resistivity increases, reaching a maximum of about 2.3 xl 07 OlD at 
350°C, with continued annealing leading to restoration of the initial resistivity of 
about 126 OlD at 450°C. This is a classical feature observed many times in previous 
implant-isolation studies [75] but the case for those samples implanted at elevated 
temperatures is somewhat different. For an implant temperature of 100°C, the 
maximum resistivity (Rs=7x107 OlD) is achieved again at 350°C but the restoration 
of initial resistivity is obtained only after a 550°C anneal. At an annealing temperature 
of 450°C, the sheet resistivity is still quite high (Rs=2.1 xl 07 OlD) as compared to R T-
implanted samples where restoration of initial resistivity occurred at this post-implant 
annealing temperature. The samples irradiated at 200°C also have resistivities that 
increase with increasing temperature, reaching a maximum (Rs=8.1xl07 OlD) at 
350°C. With continued annealing at 450, 550 and 600°C, the resistivity decreases only 
from 3.2x107 OlD to 4xl06 OlD. The value of sheet resistivity after annealing at 
450°C is almost five orders of magnitude higher than those achieved at the same 
annealing temperature but with samples implanted at R T. Similarly at 550°C. Rs for 
implants at 200°C is more than four orders of magnitude higher than those samples 
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annealed at 550°C after irradiation at 100°C. The restoration of initial sheet resisti vity 
in this case is achieved when the samples are annealed at 850°C. 
The Hall mobility, plotted as a function of anneal ing temperature in figure 4.3, 
is consistent with a ' hopping conduction ' mechanism . The mobility and sheet carrier 
concentration recover until they reach a point where they are comparabl e to values 
measured for the pre-isolation-implanted substrate. Below 350°C, the average 
mobility is extremely low as compared to that of good quality GaAs. The recovery of 
mobility and sheet carrier concentration is possible when the background of point 
defects is very much reduced and the trapping centre density fall s below that of the 
electrons. The isolation caused by proton bombardment is therefore reversed. 
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Figure 4 .3: Variation of Hall mobility with annealing temperature for proton 
implanted n-type GaAs layers . 
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It is clear from figures 4.2 and 4.3 that the recovery of mobility and sheet 
carrier concentration or restoration of initial resistivity begins at a lower annealing 
temperature for RT implants than for those perfonned at 100°C or 200°C. The curves 
for all three temperatures are different. The curve corresponding to the RT implant 
has a sharper peak than the other two implants. There exists a broad plateau ranging 
from 350 to 600°C in the case of 200°C implants. A smaller plateau is observed for 
100°C implants where the range is between 350 and 450°C. Thus high temperature 
annealing returns the sheet resistivity to a value close to that of the starting material 
more quickly for the RT implanted material than for the case of 100°C and 200°C 
implants. 
4.2.2 Dose dependence at RT and 200°C 
The samples were divided into two groups for this experiment. The group I 
samples received doses of lxl012 cm-2 to 4xl0 15 protons cm-2 at 250 keY and at RT. 
. . 12 13 14 1~ The group II samples were Implanted WIth 4x 1 0 ,4x 1 0 ,4x 1 0 and 4x 10 - protons 
cm-
2 
at 200°C and at the same energy. The implant schedules to form the n-type 
region in semi-insulating GaAs are given in Table 1 and the Figure 4.1 represents the 
dopant and damage distribution due to silicon and proton implantation in GaAs, 
respectively. 
The results of this experiment are depicted in curves of Figure 4.4. As the ion 
dose is increased the sheet resistivity (Rs) increases from its pre-implanted value of97 
12/0 to a maximum of ~ 1 x 106 12/0 or 5x 107 12/0 observed for R T and 200 llC 
implants, respectively. The threshold doses (dose at which maximum sheet resistivity 
is obtained for a particular device structure) were found to be lxl0 15 cm-2 for RT 
implants and 4x 1014 cm-2 for 200°C implanted samples. Further dose accumulation 
beyond threshold doses produces a decrease in Rs values by at least an order of 
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magnitude for 200°C or R T implants . When samples implanted at R T were annealed 
at 200°C (refer to figure 4 .5), they show an increase in sheet resistivity for doses 
beyond 1 x 1013 cm -2 reaching a maximum value of 1 x 1 07 Q/O for the threshold dose 
which is an order of magnitude higher than that obtained at the same dose but for RT 
implants. Further annealing of these samples at 350°C increases the Rs values for all 
doses and produces a broad peak in the curve after reaching a maximum value of 
4xl07 Q/O at the threshold dose. In a similar fashion, samples implanted at 200°C 
were also annealed at 350°C (refer to figure 4.6) . The sheet resistivity continually 
increases in this case for all doses until it reaches the threshold where it is simi lar to 
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the value for the sample before annealing. A broad peak is quite obvious after 3500C 
annealing cycle for doses accumulated beyond the threshold dose. 
The data suggests that the isolation behaviour in these samples is mainl y 
caused by the low concentration of nuclear stopping defects. The replacement 
collisions in the cascades are known to form anti site defects and/or their related 
complexes, which trap carriers [49]. The increase in the sheet resistivity values results 
from carrier trapping at these damage centres and mobility degradation. The rate of 
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carrier removal and consequently the rate of increase in sheet resistivity is not very 
significant for lower doses. That is, the accumulation of damage is insufficient to 
modify the conductivity significantly in these cases. On the other hand when the 
, 
damage concentration peak is high enough for doses beyond optimal or threshold dose, 
the resistivity decreases due to the onset of the hopping conduction. The broad peak at 
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Figure 4.6: Evolution of sheet resistivity with the dose accumulation in n-type 
GaAs layers isolated with 250 keY protons at 200°C and annealed at 
the end of the curves in Figure 4.4 for samples implanted at either RT or 200°C but 
annealed at 350°C shows a decrease in the hopping conductivity by virtue of the 
damage annealing which maintains the resistivity values near to the optimum isolation 
condition. The implanted material returns to its original sheet resistivity when the 
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antisite defects annihilate. This requires the presence of gallium vacancies, which 
were shown not to be introduced via the thermal annealing process, but \vere 
introduced during the isolation implantation process [48]. Implantation temperature is 
a sensitive parameter, which affects significantly the formation of defects during 
implantation. That is why the curves presented in figure 4.4 include substrate 
temperature during implantation as a parameter. One can compare RT curves with the 
one corresponding to 200°C implants, which reveal that hot implants result in better 
and stable isolation. Another useful comparison is among samples implanted at R T 
but annealed at 200°C and those implanted at 200°C. 
This particular comparison explains not only the lower damage accumulation 
during implantation which introduces high as-implanted resistivity values in the case 
of samples maintained at 200°C but also indicates the formation of trap structures 
during hot implantation which differ from those produced during R T implantation. 
4.3 Isolation of Semi-insulating (SI) GaAs by hydrogen implantation 
In this experiment, we try to understand the effect of hydrogen irradiation on 
the electrical properties of semi-insulating GaAs for doses from 1 xl 012 to 1 x 1 016 /cm2 
at 250 keY. The data can be compared to the values of sheet resistivity obtained in the 
cases where similar isolation implants were done on the n-type GaAs layers. This 
experiment enables us to be more confident in an interpretation of measured data. 
When the peak of the damage due to hydrogen ions is placed into the SI GaAs 
substrate, the operation of devices employing this material may be affected For a 
particular isolation scheme, the GaAs substrate mayor may not influence the quality 
of the electrical isolation of devices. The effects exhibited by elevated temperature 
implants as compared to room temperature implants are also studied in this 
experiment. 
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The samples were cleaved from commercially available 460Jlm thick semi-
insulating GaAs wafers with 3.5xl08 Q/O, 7.6xl06 cm-2 and 5543 cm2/Vs as 
resistivity, carrier concentration and mobility values, respectively. The sample 
preparation and isolation implants were done as mentioned in 4.1. 
4.3.1 RT and 200°C implantation at variable doses 
Figure 4.7 shows the variation of sheet resistivity as a function of proton dose 
There are two curves corresponding to the two different substrate temperatures of R T 
and 200°C, respectively. After implantation, there is a decrease in the sheet resistivity 
of about an order of magnitude as compared to the pre-implant values for the R T 
implants. Maximum sheet resistivity (7xl07 .olD) is obtained when the proton dose 
was increased to lxl014 cm-2 . The sheet resistivity decreases gradually from 7xl07 to 
1 xl 07 .olD for higher doses. For the 200°C implant, the sheet resistivity is more or 
less constant with the values of about 1 x 108 .olD and drops to 4x 107 OlD after 
implantation with doses of lxl015 Icm2 or higher. All resistivity values for 200°C 
implants are higher than those obtained for RT implants. A slight decrease in the sheet 
resistivity values at higher doses is noticed. If this effect is significantly strong (sharp 
decrease in sheet resistivity values), this contributes to the increase in the sheet carrier 
concentration and makes the material appreciably conductive. In the present case, 
there is no significant change in the carrier concentration and thus the material should 
not be regarded as conductive. For a 200°C implant, this behaviour is even less 
pronounced due to the enhanced dynamic annealing and hence we observe less than 
one order of magnitude decrease of sheet resistivity values to their pre-implanted 
14 16 I 2 values for doses from 4x 1 0 to 1 x 1 0 cm. 
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Samples implanted with protons at different doses were annealed at 200 and 
350°C for RT implants and at 350°C for hot implants . The curves are shown in figure 
4.8 and compared with as-implanted values for both cases. There is little change in the 
sheet resistivity for almost all doses after annealing at 200°C for samples implanted at 
R T. The curve follows the same trend. When these annealed samples were compared 
with those implanted at 200°C, it was found that as-implanted values for hot implants 
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were still higher than those implanted at RT but subsequently annealed at 200°C. 
Further annealing at 350°C improves the resistivity values and make them comparable 
to the values obtained in the case of samples implanted at elevated temperature but 
annealed at 350°C. After annealing at 350°C, the sheet resistiviy is stable to its 
optimum value even at higher doses . This optimum sheet resistivity is about the same 
as the pre-implanted resistivity value. 
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Thus the SI GaAs does not become appreciably conductive after proton implantation 
for a dose range of 1x1012 - 1x1016 cm-2 for implants carried out at either RT or 200°C 
and hence the material retains its semi-insulating behavior. Hot implants show better 
stability and optimization of sheet resistivity values. 
When the data presented in this case is compared with one obtained for similar 
isolation implantation conditions but for Si-doped GaAs layers discussed in section 
4.2.2 (refer to figures 4.4-4.6), it is clear that the resistivity values are accurately 
coming from the actual n-type region and the effect of semi-insulating substrate is not 
significant unless the as-implanted resistivity of the isolated region is equal to the 
semi-insulating substrate sheet resistivity (about 3x 108 Ole). The curves are 
compared and presented in figures 4.9-4.12. This comparison provides control over 
the resistivity measurements of the isolated device regions, which is an important 
issue to address when the peak of the damage distribution is placed well inside the 
semi-insulating GaAs substrate. This also explains the situations where the semi-
insulating substrate may influence the sheet resistivity values and the stability to the 
thermal treatment. Figures 4.9 and 4.10 provide a comparison between the RT and 
elevated temperature implant isolation for Si-doped and semi-insulating GaAs layers 
whereas figures 4.11 and 4.12 are presented with a similar comparison for post-
annealed resistivity values either at 200 or 350°C for both cases. Annealing at higher 
temperatures like 350°C gives optimized resistivity values after suppressing the 
hopping conductivity in n-type GaAs layers and semi-insulating substrate This is a 
known phenomenon and also in agreement with the previously published data for 
isolation schemes where maximum damage is chosen to be placed within the near 
surface device regions [48,93]. This suggests that similar behaviour should be 
obtained where the peak of the damage is not inside the active layer like in the 
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present case. The post-implant annealing mechanism is responsible for the higher 
resistivity values achieved in the isolated n-type layers and not the semi-insulating 
GaAs substrate, i.e. the defects formed within the n-type layers cause compensation, 
and similar defects in the SI GaAs have no effect . On annealing, the defects within the 
n-type layers are annihilated and so the resistivity changes to a value dependent on 
both number of remaining deep trapping levels and the original electron 
concentration. 
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implanted at RT and 200°C and annealed at 350°C. Sheet resistivity is 
plotted as a function of implanted dose. 
4.3.2 Activation energies 
The temperature dependence of the sheet resistivity (refer to 3.5 .3) was also studied 
for the samples implanted with different doses at RT or 200°C. Figure 4.13 shows a 
typical log (sheet resistivity) versus reciprocal temperature graph obtained for samples 
implanted with protons into semi-insulating GaAs and Si-implanted GaAs. The 
measurements were made at reciprocally spaced temperatures. The temperature scan 
took place in a falling direction and the system was returned to the room temperature 
at the end of the scan. The activation energy was found using the Arrhenius plot for 
sheet resistivity governed by the equation 3.5.11. The straight lines shown in the 
figure 4.13 are the best fit to the respective data points from the measurements done at 
a specified temperature range. The temperature dependent resistivity measurement 
"7/\ 
Implant Isolation of Gallium Arsenide 
software HL 5550PC [113] facilitates the user to use a data display mode (rubber 
band representation) in which the data points are selected for a specific range of 
temperature scan and best fitted to a straight line in order to readily estimate the 
activation energies. The straight lines are compared on the same graph to demonstrate 
the differences between the activation energies due to R T and hot implantation. It also 
provides a comparison between semi-insulating and n-type GaAs material in terms of 
activation energies. In the high-temperature range, the log Rs versus IOOO/T plots are 
straight lines, and the activation energies obtained from the slope are also shown in 
figure 4.13. The activation energy of the SI GaAs before implantation is 0.72eV, 
which is close to the middle of the band gap as expected. With increasing proton dose, 
the slope is reduced and the activation energy decreases. The presence of deep and 
shallow level centers changes the slope of the curve. Samples implanted at R T with 
doses of 4xI013, IxIOl-l and IxI015lcm2 show an activation energy of 0.32, 0.29 and 
0.2 eV, respectively as compared to 0.67, 0.59 and 0.37 eV for samples implanted 
with similar doses but at 200°C. At a helium dose of IxI0161cm2, an activation energy 
of 0.23eV is obtained. Thus thermally stable deeper defect levels are created during 
hot implantation. We infer that shallow defects anneal out during hot implantation. 
Some of the activation energies correspond to the already known defect levels and are 
marked accordingly in figure 4.13. This explains the nature of the isolating defects at 
different implant temperature. The difference in the activation energies for both cases 
also proves the formation of different trap structures at hot implants and the presence 
of enhanced dynamic annealing. Si-implanted GaAs samples were also studied 
accordingly. Samples implanted with IxI0 15 and Ix10 16 cm-2 protons at RT have 
activation energies of about 0.14 and 0.3 eV, respectively. When they are annealed at 
350°C, same samples improve their isolation values and show much larger activation 
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energies of approximately 0.59 and 0.67 eV, respectively due to the removal of the 
shallow defects. Si-implanted GaAs samples isolated with 4xl014 and 4xl015 cm-2 at 
200°C show an activation energy of 0.37 and 0.24 eV, respectively. These energies 
reflect the formation of different trap structures during hot implantation. \\'hen 
annealed at 350°C, the material tends to semi-insulating GaAs and the activation 
energy is close to the value for semi-insulating GaAs, measured separately for 
comparison. Results are also tabulated in Table 4.2. 
4.4 Effect of variable implant temperature and doses 
The dependence of sheet resistivity on implantation temperature and proton dose was 
studied with samples held in the temperature range from RT and 300°C during 
implantation with doses in the range lxl013 to lxl016 cm-2. The peak of the damage 
was placed in the semi-insulating GaAs substrate beneath the n-type surface layer (see 
Figure 4.1) and a uniform damage distribution was formed in the near surface n-type 
region by 250 keY proton implantation. 
A set of samples was implanted with similar doses and energy of protons at 
liquid nitrogen temperature (77 K) to study the effects of cold implants on the 
resistivity values and stability of isolation. Fig. 4.1 shows the relative positions of the 
damage distribution resulting from the proton implants into Si-doped GaAs and Si 
atomic concentration in semi-insulating GaAs , as determined by Transport of Ions in 
Matter (TRIM) [15]. The range of250 keY protons in GaAs is about 1.96 11m . 
The resistivity results are presented in figure 4.14. We observe at least two or 
at most four orders of magnitude increase in the initial sheet resistivity after 
implantation with 1 x 1013 cm-2 protons in Si-doped GaAs for R T or 300°C, 
respectively. RT implants cause lowest isolation whereas maximum as-implanted 
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Figure 4.13 : Sheet resistivity as a function of the reciprocal temperature for 250 
keY proton irradiation into semi-insulating (SI) GaAs and n-type (Si) GaAs layers at 
RT and 200°C. Some of the n-type samples are also annealed at 350°C for comparison. 
Implants are performed at different doses. The straight lines are the best fit to the 
respective data points from the measurements done at a specified temperature range 
using HL 5550PC software's rubber band mode [113]. The activation energy (Ea) wa 
found using the Arrhenius plot for sheet resistivity governed by the equation R = Ro 
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resistivity values were achieved following 300°C implants. Liquid nitrogen implants 
show better isolation when compared to either RT or 50°C implants. 
Table 4.2: Activation energies and associated defect levels in SI and n-type GaAs. 
Measured Isolation Implanted Defect level Reference 
Activation Material Implant D -2 ose, em and activation 
Energies, Temperature, energies (From 
eV °C literature) 
0.14 SI RT 1x1016 
0.20 SI RT 4x10D 0.21 (V-band) 61 
0.24 SI RT lx10D 0.24 (V-band) 61 
0.29 SI RT lxl014 0.28 (EL6) 121 
0.32 SI RT 4x10u 0.32 (EL6) 121 
0.37 SI 200 1x10D 0.37 (Ea3) 122 
0.59 SI 200 1 x 1014 0.60 (L2p) 123 
0.67 SI 200 4x10u 0.67 (L2p) 124 
0.72 SI Starting material 0.71 (EL2) 24 
0.14 n-type RT lx10D 
0.24 n-type 200 4x10D 0.24 (V-band) 61 
0.32 n-type RT 1x1016 0.32 (EL6) 121 
0.37 n-type 200 4x1014 0.37 (Ea3) 122 
0.60 n-type 200+annealed 1x10D 0.60 (L2p) 123 
I 
-
0.67 n-type RT +annealed 1x101b 0.67 (L2p) 124 
0.71 n-type 200+annealed 4x10D 0.71 (EL2) 24 
74 
Implant Isolation of Gallium Arsenide 
109 Seni-i nsUcti ng Resisti'v1ty 
108 Q) *- -
\- -* 
m 
::J + 0- 107 CJ) 
'""-en 
• E + 
..c 106 e 0 
- . - LN 
-~ 
........ 
+ 
- e- RT 
> 
........ 9Jc 
en 
en 
104 
-~- 1cxfc Q) 
0:: ~ 1E:ffC 
........ e Q) - +- 2CX:C 
Q) 103 ..c ilitici sheet resisti'v1ty 2EifC CJ) 
* 3cxfc 
102 
1013 1014 1015 1016 
I rrplanted DJse, irns-an-2 
Figure 4.14: The dependence of sheet resistivity on implantation temperature and 
proton dose is plotted for samples held in the temperature range from 
RT and 300°C during implantation with doses in the range IxlO lJ to 
There is a gradual increase in sheet resistivity with dose for all substrate temperatures 
until it reaches its highest value after certain dose accumulation (threshold dose) and 
then the resistivity falls at higher doses. After a proton dose of Ix 1 014 Icm2, the 250°C 
and 300°C implants produce an optimum isolation of about 108 n i l] . The threshold 
dose to get maximum resistivity for all other implant temperatures is 1x10
15 
Icm
2
. 
We infer that above a dose of 1x1013/cm2, the effect of enhanced dynamic 
annealing due to hot implantation (considerably significant after and at 150°C) cau e 
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lower damage accumulation which gives rise to higher as-implanted resistivity values 
as compared to RT implantation. This effect is significant for 300°C implants even at 
this dose. For RT implants, a hopping conduction mechanism prevails at lower doses. 
Above the threshold dose, the concentration of defects is much higher than the carrier 
concentration, which causes the decrease in the sheet resistivity values for liquid 
nitrogen to 200°C implant cases. Further high implant temperatures such as 250 or 
300°C show higher isolation values (107 OlD) for doses higher than threshold dose. It 
is noticeable that the different threshold doses for these hot implantations demonstrate 
that the carrier trap structures are essentially influenced by dynamic annealing. Better 
thermal stability and optimised isolation values of resistivity comparable to that of 
semi-insulating GaAs substrates are obtained for 200, 250 and 300°C and show the 
potential of hot implantation for effective and efficient isolation schemes in GaAs 
based devices. 
The isolation formation at 77K was measured at RT. We infer that the samples 
warmed to RT for resistivity and Hall measurements show annealing out of the formed 
carrier traps during cold implantation. Hence a huge expected decrease of the bulk 
conductivity with the decrease of the substrate temperature is not evident in this case. 
The relaxation mechanism of the formed trap structures during the warming up 
process to RT may play an important role in dictating the isolation behaviour when 
implanted at 77K. 
4.5 Isolation of n-type GaAs by helium implantation 
The formation of thermally stable highly resistive regions in n-type GaAs 
layers during helium ion bombardment at elevated temperatures, where dynamic 
annealing of radiation induced defects is substantial, was imestigated in thi s 
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experiment. The substrate temperatures were chosen to be R T, 100°C and 200°C . 
Semi-insulating GaAs wafers of (100) orientation were implanted with multi-energy 
29Si ions to create a flat dopant distribution of about O. 711m in thickness. A uniform 
damage density was formed within the conductive layer by 2xl014 cm-2 helium 
implantation at 600 ke V to isolate the structure. 
The samples were prepared as described in section 4.1. The implant schedules 
to form the n-type region in semi-insulating GaAs are given in Table 4.3 and the 
Table 4.3: Implant schedule for 29St into SI-GaAs, forming a flat dopant distribution. 
1.48x 1 013 
6.0xl013 
1.8x 1 014 
Energy, (keV) 
23 
125 
360 
0.024 
0.126 
0.379 
0.0185 
0.0738 
0.1691 I 
: : 
. . 
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relative position of the atomic distributions of the n-type dopant and the damage 
resulting from the helium implant, as determined by Transport of Ions in Matter 
(TRIM) [15], are shown in figure 4.15. He+ implantation into GaAs leads to the 
formation of Frenkel pairs, i.e. interstitials and vacancies with nearly equal 
concentrations [115]. The isolation behaviour is mainly caused by the relatively low 
concentration of nuclear stopping defects and defects caused via the electronic 
stopping process. 
Figure 4.16 shows the sheet resistivity measurements as a function of 
annealing temperature for Si-doped GaAs layers isolated by helium implants at R 1. 
100°C or 200°C. After implantation at RT the samples exhibit a three orders of 
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magnitude increase in the sheet resistivity as compared to the pre-isolated values. The 
sheet resistivity continually increases reaching a maximum of about 2. 5x 1 0 -0 / 0 at 
400°C post-implant annealing temperature. Above 400°C, annealing produces a rapid 
drop in sheet resistivity caused by the removal of implant induced deep level centres. 
The resistivity and sheet carrier concentration return to their initial values at 500°C. 
The case for those samples implanted at elevated temperatures is somewhat different. 
The as-implanted values of sheet resistivity for samples implanted at 100°C and 
200°C are at least four and five orders of magnitude higher than the pre-implanted 
values, respectively. For both cases, optimum isolation is achieved only after 
annealing at 450°C, which is comparable to values obtained for semi-insulating GaAs 
wafers. It should be noted that the maximum resistivity for an implant temperature 
Tj=200°C is greater than that of Tj= 100°C, which is in turn greater than the sheet 
resistivity for room temperature implantation. The complete recovery of initial 
conductivity occurs at post-implant annealing temperatures of 650 and 800°C for 100 
and 200°C implants, respectively. The isolated regions in both cases exhibit good 
stability to heat treatment. The persistence of the high sheet resistivity at values in 
excess to lxl07 n /0 occurs in the range 400-550°C for samples implanted at 100°C. 
This annealing window for the thermal stability of the obtained isolation (> 1 x 1 070 / 
0) is from 400 to 650°C for Tj=200°C. The magnitude of thermal stability is found to 
depend on the irradiation temperature. No such stable highly resistive region is found 
for those samples implanted at room temperature. One interesting feature of the data 
is that the value of sheet resistivity after annealing at 500°C is at least five orders of 
magnitude higher than those achieved at the same annealing temperature but with 
samples implanted at R T. The same difference in order of magnitude of isolation 
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values is achieved when samples were compared after annealing at 6S0°C for 100°C 
and 200°C implant cases. 
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Figure 4.1S: The relative position of the atomic distributions of the n-type dopant, 
the helium implant and the damage resulting from helium, as 
determined by Transport of Ions in Matter (TRIM) [IS]. 
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Thus, hot implant curves are distinct from the R T curve and provide optimum 
isolation, better thermal stability and a wider process window. 
The Hall mobility plotted as a function of annealing temperature in figure 4. 17 
is indicative of a hopping conduction mechanism. The average mobility of the current 
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set of samples for as-implanted cases is extremely low as compared to that of good 
quality GaAs, and this is attributed to trap-controlled conduction since the point defect 
concentration is larger than the electron density. 
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Figure 4.16: Evolution of sheet resistivity in helium implanted n-type GaAs layers 
irradiated with 2x1014 cm-2 at 600 keY at RT, 100°C and 200°C 
Annealing time is 60s. 
In all three implant temperature curves, after annealing at progressively higher 
temperatures, the excess of deep level centres is removed. The hopping conduction is 
thus reduced and consequently, an increase in sheet resistivity is observed. This is in 
complete agreement with previously published data [48]. The recovery of mobilit 
and hence sheet carrier concentration is quicker for RT implants than hot implants . 
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The effect of enhanced dynamic annealing is quite obvious in sample 
implanted at either 100°C or 200°C, which is responsible for higher as-implanted 
sheet resistivity values (9x1 05 n / 0 and 7x1 06 n / 0, respectively) . 
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Figure 4.17: Variation of Hall mobility with annealing temperature for helium-
isolated n-type GaAs layers. Annealing time-temperature cycles are of 
60s. 
4.6 Isolation of n-type GaAs by boron implantation 
The experiment deals with the formation of electrical isolation in Si-doped 
GaAs layers using 1.5 Me V boron ions at three different substrate temperatures . The 
aim of this work is to study the effects exhibited by hot implants as compared to room 
temperature implants and to compare the annealing characteristics of the sheet 
resistivity of implant-isolated material at these three different substrate temperature 
o. 
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The damage resulting from the boron implant, as determined by Transport of 
Ions in Matter (TRIM) [15], are shown in Figure 4.18. With the projected range (Rp) 
of the boron implant at approximately 2~m, it is clear that the isolation of the n-type 
layer is due to contributions from the relatively low concentration of nuclear stopping 
defects and defects created via the electronic stopping of the boron. Any deep-level s 
created by the IIB+ ions themselves are well beyond the silicon doped layer. 
Figure 4.19 shows the sheet resistivity as a function of annealing temperature 
for Si-doped GaAs material after implantation. There are three curves, corresponding 
to the three different substrate temperatures ofRT, 1000e and 2000e respectively. The 
resistivities before boron implantation were found to be consistent with those 
expected for Si-doped GaAs [106]. Sheet resistances of 85 .6 to 108 f2/D were 
measured in the reference Si-doped samples. The Hall mobility of the carriers was in 
the range 1870 to 2230 cm2/Vs . After implantation with 2xl014 cm-2 boron ions, the 
sheet resistivity increased from about 97 f2/D (on average) to 5x 104 f2/D (on 
average) . This represents an increase of almost four orders of magnitude. It should be 
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Figure 4 .18 : The damage resulting from the boron implant, calculated using TRIM 
[15]. 
Implant [flolation of Gallium Arsenide 
noted that the resistivity for an implant temperature TJ =200°C is greater than that of 
Ti = 100°C which is in turn greater than the sheet resistivity for room temperature 
implantation, although all three values are of the same order of magnitude. 
As the samples are annealed at progressively higher temperatures, the 
resistivity increases, reaching a maximum of about 4x 106ruO at 500°C with , 
continued annealing leading to restoration of the initial resistivity of about 1000/0. 
These curves exhibit classical features observed many times in previous implant-
isolation studies [61]. For all three substrate temperatures, the resistivity values of as-
implanted material are as expected (see reference 47) with their Hall mobility, plotted 
as a function of annealing temperature in figure 4.20, indicating a 'hopping 
conduction' mechanisms for as-implanted values and lower annealing temperatures. 
The implication is that the implant induced point defect background for the as-
implanted material is so dense that electrons trapped in mid-gap defect levels are able 
to hop from one damage site to another. This low mobility conduction leads to an 
intermediate value of sheet resistivity m complete agreement with the 
phenomenological model presented by Short et al [95]. Rapid thermal annealing is 
generally required to achieve maximum resistivity by removing the defects causing 
this hopping conduction. 
The average mobility of the current set of samples at 500°C is extremely low 
as compared to that of good quality GaAs, and this is attributed, again, to trap-
controlled conduction since the point defect concentration is larger than the electron 
density. If we compare these values with the mobility and sheet carrier concentration 
at annealing temperatures above 500°C, we see that the mobility and sheet carrier 
concentration recover until they reach a point where they are comparable to values 
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measured for the pre-isolation-implanted substrate. This is due to the fact that the 
background of point defects is very much reduced. 
The maximum resistivity is at least an order of magnitude lower than that of 
semi-insulating GaAs material. This factor is not crucial here since higher values are 
expected if the boron dose is increased . The important result here is the e olution of 
sheet resistivity fo llowing implantation at different substrate temperatures . 
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The curves for all three temperatures look similar but the room temperature 
curve has a sharper peak than the other two . In other words, high temperature 
annealing returns the resistivity to a value close to that of the starting material more 
quickly for the RT implanted material than for the case of 100°C and 200°C implants . 
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4.7 Isolation of n-type GaAs by oxygen and nitrogen implantation 
An oxygen implantation dose ranging from 10 14 to 10
15 
cm-
2 
is usually 
required to form isolation regions in heavily impurity doped GaAs layers . It is al 0 
known that oxygen ions, being heavier are much more efficient in compensating 
GaAs based devices than protons, and for high enough doses the oxygen create 
thermally stable, high-resistivity material. We therefore choose oxygen to stud th 
or 
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effects of damage accumulation and substrate temperature on the degree of isolation 
in GaAs layers. For an effective and efficient scheme of implantation for the near-
surface and the bulk region isolation of the devices, two different schemes for the 
electrical isolation of n-type GaAs layers by oxygen implantation are compared in 
terms of optimisation of isolation and thermal stability. The effect of damage 
accumulation and variable substrate temperature is also investigated. Nitrogen implant 
isolation is also performed in order to compare the isolation behaviour caused by 
oxygen implants. 
n-type GaAs layers have been formed usmg silicon implants into seml-
insulating GaAs at energies chosen to give the uniform dopant distribution. The 
implant schedules are given in table 4.2. The samples were prepared as mentioned in 
section 4.1. The samples were divided into three groups each representing an isolation 
scheme. The group I samples received a dose of lx1014 cm-2 oxygen ions at 2 MeV at 
RT, 100°C and 200°C. The group II samples were used for 200 keV implantation with 
lxl014 cm-2 oxygen ions at RT and 350°C. The group III samples were implanted with 
lx1014 cm-2 nitrogen ions at RT, 100°C and 200°C. 
4.7.1 Effect of substrate and post-implant annealing temperature on oxygen 
isolation 
The relative position of the atomic distributions of the n-type dopant, the 2 
MeV oxygen implant and the damage resulting from oxygen, as determined by 
Transport of Ions in Matter [15], is given in figure 4.2l. 
Figure 4.22 presents sheet resistivity for group I samples as a function of 
annealing temperature for samples isolated with oxygen implants. After implantation 
with as few as lx1014 cm-2 oxygen ions, the sheet resistivity increased from about 140 
ruo to 5.2x 1 04 OlD. Three different time-temperature annealing cycles \\ere 
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employed for these samples. All the samples were annealed for 5, 10 and 60 seconds 
and separate measurements were performed in all cases. We report that for the 
implant scheme used, there are essentially no differences in the resistivity values after 
5, 10 and 60s anneals and therefore average resistivity values are plotted in figure 
4.22. All three curves exhibit the same trend, reaching a maximum value of 
~lxl07n/D at an annealing temperature of 600 and 650°C for RT and elevated 
temperature implants. The complete recovery of initial resistivity is found after 
annealing at 800°C for all samples irrespective of their implant temperatures. No 
noticeable enhanced dynamic annealing due to implantation at elevated temperature is 
found in this case. Moreover, there is no presence of any thermally stable region in the 
case of those samples implanted at elevated temperatures, though RT implants recover 
quickly. It is known that oxygen in GaAs does not appear by itself to be electrically 
active at high concentrations, but does form a deep acceptor level in n-type GaAs [75]. 
It has also been shown that there is a compensating mechanism that requires the 
presence of oxygen and it is dopant sensitive [85]. We infer that isolation produced in 
our case is a product of both damage related centres and a mechanism, which requires 
the presence of oxygen. We suspect that oxygen atoms out-diffuse or disappear into 
the bulk at annealing temperatures of around 800°C, which causes resistivities to 
return to their as-implanted values. 
4.7.2 Effect of damage accumulation on oxygen isolation - A comparison 
The vacancy distribution, as determined by Transport of Ions in Matter (TRIM) [15] 
for both isolation schemes is shown in Figure 4.23. The implants performed at 200 
keV or 2 MeV place the peak of the vacancy distribution within the dopant layer or in 
the substrate far from the surface region, respectively. It is clear from the figure 4 23 
that the vacancies formed by 200 keV oxygen implantation are almost ten times 
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higher than those formed at 2 MeV within the n-type layers. Another obvious 
difference is the level of damage, which is approximately constant only in the case of 
2 MeV implants . From the Kinchin-Pease formula used in TRIM [15J one find s that a 
200 ke V oxygen ion creates approximately 700 displaced atoms in GaAs, and a 2 
MeV oxygen ion creates about 320 such displacements at the projected range of the 
ion. Figure 4.24 shows the sheet resistivity measurements before and after 60 seconds 
annealing treatment for the samples isolated at 200 ke V with a dose of I x l 014 cm-2 
oxygen ions. The implant temperature was RT and 350°C. After implantation at RT 
the samples exhibit about four orders of magnitude Increase In the 
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Figure 4.21 : The relative position of the atomic distributions of the n-type dopant, 
the 2 MeV oxygen implant and the damage resulting from oxygen, as 
determined by Transport of Ions in Matter (TRIM) [15]. 
sheet resistivity compared to the pre-isolated values . The sheet resistivity continual I 
increases, reaching a maximum of about 3xl07 Ol D after annealing at 650°C. Abo e 
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this annealing temperature, a rapid drop in sheet resistivity occurs, returning to initial 
values at 850°C. Comparing this curve with one obtained after RT implantation at 2 
MeV makes it obvious that material is more resistive as implanted and after annealing 
at 650°C in the case of 200 keV where most of the damage was accumulated within 
the n-type region. 
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The as-implanted values of sheet resistivity for samples implanted at 350°C with 200 
keV oxygen ions are at least five orders of magnitude higher than the pre-implanted 
values. Optimum isolation is achieved only after annealing at 650°C, which indeed is 
comparable (~1 08 Q/O) to values obtained for semi-insulating GaAs wafers. The 
complete recovery of initial conductivity occurs at post-implant annealing temperature 
of 850°C. The maximum resistivity for 350°C implants is greater than the sheet 
resistivity for RT implants in this case and for all temperature cases when samples 
were implanted at 2MeV. One of the interesting features of this data is the existence 
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of a thermally stable region throughout the time- temperature annealing cycle. The 
isolation regions in this case exhibit good stability to heat treatment with resistivities 
in excess of IxI0
7 Q/O from as-implanted to 750°C, which represents a very wide 
process window for the device engineer. 
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Figure 4.24: Evolution of sheet resistivity with post-implant annealing temperature 
for samples implanted with IxI014 cm-2 oxygen ions into GaAs at 200 
keY at RT and 350°C. Annealing time is 60 s. 
This broad annealing window seems to be dependent on the substrate temperature 
during implantation. The value of sheet resistivity after implantation at 350°C is an 
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order of magnitude higher than that achieved at the same annealing temperature but 
with samples implanted at RT, which shows the presence of lower damaoe 
b 
accumulation due to enhanced dynamic annealing during hot implantation for this 
isolation scheme. We believe that the isolating defects formed during implantation at 
350°C are more thermally stable than those formed during RT implants, leading to a 
different thermal stability observed for carrier traps. We cannot rule out the possibility 
of having a compensating mechanism that requires the presence of the oxygen atom in 
addition to the isolating defects for both RT and 350°C implants when isolated with 
200 keY oxygen ions. 
If we compare the obtained data in both isolation schemes (refer to figures 
4.23 and 4.25), we can easily identify that in the case of 2 MeV implants sufficient 
damage accumulation is not achieved and therefore radiation-induced defects are not 
enough to produce either further higher values of optimum isolation or show better 
thermal stability to heat treatment for samples implanted at 100 or 200°C. 
The results presented here are novel and interesting because they explain the 
significance of choosing the right implant conditions to achieve best efficiency of 
inter-device isolation. This data indicates the potential of using hot implants to 
optimise the thermally stable isolation values in cases where oxygen is used to isolate 
the near surface region of devices and also provides an alternative scheme for buried 
isolation or where uniform damage density is required for certain device parameters. 
By comparing the two isolation schemes in terms of obtained isolation, we predict 
that an increase in dose by an order of magnitude (10 15 cm-2) for the 2MeV case may 
provide higher sheet resistivity values of about the same order as achieved in samples 
isolated with 200keV oxygen ions at a dose of lxl014 cm-2. 
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4.7.3 Effect of substrate and post-implant annealing temperature on nitrogen 
isolation 
The relative position of the atomic distributions of the n-type dopant, the 2 
MeV nitrogen implant and the damage resulting from nitrogen, as determined by 
Transport of Ions in Matter [15] , is given in figure 4.26. 
Figure 4.27 presents sheet resistivity for group III samples as a function of 
annealing temperature for samples isolated with nitrogen implants at R T, 100 and 
200°C with l x l01 4 ions/cm2 . The trend for the evolution of sheet resistivity after 
nitrogen implantation and subsequent annealing is similar to the oxygen iso lation 
mentioned in section 4.7.1. Maximum resi stivity of ~ l x l 07n/D , 1.5x l07 
WD and 6x l07WD was achieved after annealing at 600, 600 and 650°C for RT 
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Figure 4.26 : The relative position of the atomic distributions of the n-type 
dopant, the 2 Me V nitrogen implant and the damage resulting from 
nitrogen, as determined by Transport of Ions in Matter (TRIM) [15] . 
100 and 200°C implants, respectively. The complete recovery of initial resistivity is 
found after annealing at 800°C for all samples irrespective of their implant 
temperatures. The annealing characteristics around the maximum resistivity regions is 
identical to those obtained for oxygen implantation with the same dose and energy. 
The isolation in this case may be caused due to both physical damage and the 
presence of nitrogen atom itself, which out diffuses to the bulk after post-implant 
annealing temperature of 750°C. This inference is supported by a study which 
confirms the formation of the deep levels due to nitrogen implantation in n-type GaAs 
[91 , 97]. Figure 4.28 presents the Hall mobility as a function of post-implant 
annealing temperature. Extremely low values of the mobilities for as-implanted N-
isolated GaAs and samples which are annealed at lower temperatures are signature 
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for conductivity due to hopping of carriers from one defect site to another. The 
mobility degradation results in intermediate values of sheet resistivity . Further 
annealing renders the material highly resistive by suppressing the hopp ing 
conductivity. 
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4.8 Isolation matrix 
In this experiment, we study the formation of highly resistive layers in n-type 
GaAs by different ion species at variable doses . In these cases, projected ion ranges 
are greater than the thickness of n-type layers studied, and the profiles of generated 
atomic displacements are essentially uniform throughout the conductive GaAs layers. 
The method is identical to that described in section 4.1. 
Semi-insulated LEe GaAs wafers of (100) orientation were used throughout 
this work. The wafers were separated into four groups (a-d) representing four different 
initial sheet carrier concentrations formed by Si ion implantation. The implantation 
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schedules are given in Table 4.4(a) and atomic concentrations versus the depth into 
material is shown in figure 4.29. 
Table 4.4(a): Implant schedules for silicon into semi-insulating GaAs to create n-type 
layers of different initial sheet carrier concentrations. 
Wafer Doping Implant Implant Calculated Calculated 
Dose Energy Temperature Projected Straggle 
(ions-cm-2) (keV) (OC) Range (A) (A) 
lxl012 30 280 205 
a 3xl012 150 RT 1363 747 
l.4xl0 13 400 3756 1571 
2xl012 30 280 205 
b 4xl012 150 RT 1363 747 
3.6xl013 400 3756 1571 
lxl013 30 280 205 
c 3xl013 150 RT 1363 747 
1.4xl014 400 3756 1571 
3.3x1Ou 30 280 205 
d 7. 7x1013 150 RT 1363 747 
5.3xl014 400 3756 1571 
After implantation, wafers were subjected to rapid thermal annealing (RTA) at 900°C 
for 10 s in order to electrically activate the implanted Si. After RT A the samples were 
cleaved in pieces of 1 cm2 for van der Pauw devices. The rest of the sample 
preparation procedure is mentioned in section 4.1. The resistivity and Hall 
measurements were performed on some control samples from each group of wafers 
and the average sheet resistivity, Hall mobility and initial sheet carrier concentration 
is summarised in table 4.4(b). These van der Pauw devices were bombarded at room 
temperature (RT) with 300 keY IH, 700 keY 4He, 1800 keY lIB and 2000 keY \60 
ions to doses in the range from lxl011 to 5xl015 cm-2 using the 2MV High Voltage 
Engineering Europa (HVEE) accelerator to perform isolation implantation. The 
97 
Implant Isolation of Gallium Arsenide 
implantation was performed with the above mentioned ion species on samples from 
all four sets of wafers. The Rest of the isolation implant conditions and subsequent 
processing is detailed in section 4.1. The projected range, straggle and the number of 
atomic displacements (vacancies/ion), calculated by TRIM [15] for each ion energy at 
its projected range into GaAs is shown in Table 4.5. The damage produced by each 
ion in the material (a-d) is also presented in figure 4.30. A constant level of damage is 
maintained over a depth of about 0.75 of a micron corresponding to the thickness of 
the active n-type GaAs layers for each wafer. 
Table 4.4(b): Electrical characteristics of n-type GaAs layers after silicon implantation. 
Wafer Sheet Sheet carrier Hall 0/0 
resistivity concentration mobility Activation 
(!lID) (cm-2) (cm2Ns) 
a 156 6.7x1012 2432 37 
b 138 3.3x1013 1372 79 
c III 6.0x10u 1085 33 
d 101 3.2x1014 577 50 
Table 4.5: Isolation implant conditions calculated by TRIM [15]. 
Ion specie Energy Projected Straggle Vac.lion Implant 
(keV) range (A) (A) ( calculated Temperature 
for the (OC) 
range) 
Hydrogen 300 24300 2230 11 RT,200 
Helium 700 22400 2520 110 RT 
Boron 1800 22143 1850 685 RT 
Oxygen 2000 17200 2229 1360 RT 
-
Samples from all four wafers were implanted with 300 keY protons The 
results of this experiment are depicted in curves of Figure 4.31. As the ion dose is 
increased the sheet resistivity (Rs) increases from its pre-implanted values of 156, 1 ]8, 
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111 and 101 Q/D to a maximum of - 4x105, 5x105, 3x106 and 9x l 06 Q/D in wafe rs a, 
b, c and d, respectively . The threshold doses for maximum resistivity were found to be 
5x10 13 , 2x10 14, 5xl014, and 2xl0 15 cm-2 for RT implanted samples cleaved from 
wafers with original sheet carrier concentration of 6.7xlO I2, 3.3x l0 13 , 6x l0 13 and 
3.2x1014 cm-2, respectively. Further dose accumulation beyond threshold doses 
produces a decrease in resistivity values. 
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Figure 4.29 : Atomic concentration of silicon implants, calculated by TRlM[15] in 
wafers a-d. Refer to section 4.8 for experimental details. 
Figure 4 .32 presents the data for samples implanted at RT with helium ions at 
700 keY. The optimum values of sheet resistivity are 8xl06, lx10
7
, 3x10
7 
and 6x l 0
7 
12 12 13 d 5 013 -2 t ' 1 c Q/D at the threshold doses of 1 xl 0 , 5x 10 , 1 x lOan xl cm , respec 1 ve Y lor 
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wafers a-d . The dose region for ion doses larger than the threshold doses causes a 
decrease in the sheet resistivity by an order of magnitude or two. 
Figure 4.33 shows the evolution of sheet resistivi ty of van der Pauw devices 
with different original sheet carrier concentrations exposed to irradiation with 1800 
keY boron ions at RT. Figure 4.33 reveals that the maximum sheet resistivities (6x106, 
8xl06 , lxl07 and 2xl07 Q/O) were obtained after a dose accumulation of 2x10 11 , 
lxl012, 2xl012 and lxl013 boron/cm2, respectively for wafers a-d . Continuing the dose 
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Figure 4.30: The damage resulting from the implants, calculated using TRIM[1S]. 
accumulation well above the threshold dose, the damage concentration produce a 
decrase in the sheet resistivity values. 
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Similar curves are presented in figure 4.34 for samples from wafers a-d 
implanted with 2000 keY oxygen ions . Sheet resistivity increases with the 
accumulation of the implanted dose. The threshold doses corresponding to wafers a-d 
of different initial sheet carrier concentration are lxl0 11 , 5xlOl\ lxlOl2 and 5xl012 
cm-2, respectively . The corresponding values of sheet resistivity are 8xl06, 4xl07, 
6x 107 and 8x 107 Q/O . These resistivities are succeeded by a decrease in resistivity 
values with the increase of further dose. 
Q) 
~ 
OJ 
::J 
0-
en 
-
CJ) 
E 
.c 
o 
-+-J 
CJ) 
CJ) 
Q) 
0::: 
-+-J 
Q) 
Q) 
.c 
en 
Hydrogen in Si-doped GaAs: 300keV 
e __ 
e 
1013 1014 1015 
-2 
Implanted Dose, ions-em 
7 12 -2 - - n = 6. x10 em 
s 
13 -2 
- e - n = 3.3x1 0 em 
s 
.. n = 6.0x1 013 em-2 
s 
- -.- n = 3.2x1014 em-2 
s 
Figure 4 .31: Sheet resistivity versus dose : 300 keY protons implanted at RT for 
samples from wafers a-d . Refer to section 4.8 for experimental details . 
Figure 4.35 provides the results for samples implanted with 300 keY protons 
at 200°C with variable doses. Dose dependence of sheet resistivity for samples from 
. 6 6 7 d 8 107 
wafers a-d reveals that the maXlmum values of 7xlO , 9xlO , 2xlO an x occur 
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at 2xl013, lxl014, 2xl014 and lxl015 protons/cm2 . One can compare RT curves with 
the one corresponding to 200°C implants, which simply reveals that hot implants 
result in better and stable isolation. This particular comparison explains not only the 
lower damage accumulation during implantation which introduces high as-implanted 
resistivity values in the case of samples maintained at 200°C but also indicates the 
formation of trap structures during hot implantation which differ from those produced 
during R T implantation. 
In figures 4 .36, 4.37, 4 .38, and 4.39, the threshold doses for proton, helium, 
boron and oxygen ions taken from figures 4.31, 4.32, 4.33 and 4.34 are plotted against 
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Figure 4 .32: Sheet resistivity versus dose: 700 keY helium implanted at RT for 
samples from wafers a-d . Refer to section 4.8 for experimental details . 
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the values of original sheet carrier concentration for all four wafers a-d . Also shown in 
these figures is a straight line with a slope of 1.0 (dotted line is best fit) , which shows 
that the threshold doses increase linearly with the original sheet carrier concentration. 
It also suggests that the carrier trapping scales with the irradiated dose and thus with 
the deposited energy in the doped layer. From the data in figure 4.36 one can estimate 
[initial sheet carrier concentration(e-/cm2)/threshold dose (ions/cm2)] that an average 
of 7 protons of 300 keY energy is required for a single carrier removal for the used 
isolation conditions. Similarly by extracting the data from figure 
Q) 
~ 
co 
~ 
rr 
en 
-en 
E 
~ 
o 
..-
Q) 
Q) 
~ 
Cf) 
107 
• 
106 • 
• 
105 - . f 
- . 
• 
• 
• 
• 
• 
'Y 
. 'Y 
• • 
• 
n = 6.7x1012 cm-2 
5 
n = 3.3x1013 cm-2 
5 
n = 6.0x1013 cm-2 
5 
n = 3.2x1014 cm-2 
5 
• 'Y 
• 
• 
- - . 
103+-~~~~~~~~,-~~~~~~~~~~ 
1011 1012 1013 1014 10
15 
-2 
Implanted dose, ions-em 
Figure 4 .33 : Sheet resistivity versus dose: 1800 keY boron implanted at RT for 
samples from wafers a-d . Refer to section 4.8 for experimental details . 
4.37, figure 4.38, and figure 4.39, one can easily estimate that a single helium ion of 
700 keY, a single boron ion of 1800 keY and an oxygen ion of 2000 keY remo e 6 
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33 and 65 carriers on average, respectively . Figure 4.40 shows the similar best fit for 
the data obtained from figure 4 .35 for samples implanted with 300 keY protons at 
200°C . The estimation is that 3 hot implanted protons of 300 keY are required to 
remove a single carrier. The threshold doses and thus the number of protons needed 
for a single carrier removal are different from those implanted with the same doses 
and energy but at R T into identical samples. This explains the reason that the hot 
implantation produces completely different results from RT implants . 
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Figure 4 .3 4: Sheet resistivity versus dose : 2000 keY oxygen implanted at RT for 
samples from wafers a-d . Refer to section 4 .8 for experimental details . 
Figures 4.41 , 4.42, 4.43 and 4.44 show the evolution of sheet resistivity in 
identical van der Pauw devices prepared for each wafer a-d (refer to Table 4.4) 
bombarded with 300 keY protons, 700 keY helium, 1800 keY boron and 2000 keY 
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oxygen IOns at RT, respectively. It is observed that the curves progressively shift 
towards lower threshold doses with increasing mass . This is due to the formation of a 
higher defect concentration in the n-type layer in the case of higher ion masses or the 
different nature of trap structures for higher implant temperatures (refer to the figure 
4.35 and 4.40). The effect of enhanced dynamic annealing during hot implantation is 
proved to be an important parameter to scale the threshold doses and to achieve higher 
as-implanted resistivity values to isolate the structure efficiently. The results for all 
ion implantations are tabulated in Table 4.6 for comparison. 
Q) 
~ 
ro 
::J 
CT (/) 
-(/) 
E 
~ 
o 
-(/) 
. (/) 
Q) 
0:: 
-Q) 
Q) 
~ 
(f) 
12 ·2 
- . - n = 6.7x10 em 5 
13 -2 
- e- n = 3.3x1 0 em 
5 
.. n =6.0x1013 em-2 
5 
14 -2 
- T- n = 3.2x1 0 em 
5 
103~~~~~~~~~~--~~~--~~~r-~~ 
1015 1016 
·2 Implanted Dose, em 
Figure 4.35 : Sheet resistivity versus dose: 300 keY protons implanted at 200°C for 
samples from wafers a-d . Refer to section 4.8 for experimental detail s. 
Plotted in figure 4.45 , 4.46, 4.47 and 4.48 is the number of atomic 
displacements (scaled), calculated using the TRIM [15] simulation code produced by 
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protons, helium, boron and oxygen ions 0[300, 700, 1800 and 2000 keY respectivel y 
versus the threshold dose to isolate n-type GaAs layers at RT as a fu nction of different 
initial sheet carrier concentrations (wafers a-d). A straight line fit with a slope of - 1. 0 
(dotted lines are best fit) shown in the above mentioned figures demonstrates that the 
efficiency of carrier removal process reciprocally depends on the number of atomic 
displacements. Thus the threshold dose to convert the n-type layer to a highly resistive 
one is found to closely correlate with the estimated number of lattice atomic 
displacement along the depth of the conductive layer. 
Figures 4.49 and 4.50 present the overall comparison of the data, which is 
separately presented in figures 4.36-4.39 and 4.45-4.48 . These two figures will be 
discussed in more detail in the next chapter. 
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Table 4.6: An overall picture of measured data for isolation matrix experiment. 
Implant Threshold Sheet Sheet carrier 
I Wafer Ion Temperature, dose Resistivity, concentration after 
°c Dth, ions-cm-2 Q/O Dth' 
e-/cm2 
a. H RT 5xI013 4x10) 7.81x101l 
b. H RT 2xI014 5xl05 6.94x1011 
c. H RT 5xI014 3xI06 1.26xl011 
d. H RT 2x101) 9xI06 6.31x10 1O 
a. He RT I x I 012 8xI06 7.04xlO lO 
b. He RT 5x10 12 IxlOI 5.95x101O 
c. He RT 1 x 1 OU 3xl07 2.02xlO lO 
d. He RT 5xIO u 6xI07 1.04xlO lO 
a. B RT 2xI011 6.5x106 7.44x10 1O 
b. B RT IxlO I2 8.3xl06 6.85x101O 
c. B RT 2xI012 1.3xl07 6.07xI0 1O 
d. B RT IxlO u 2xl07 3.09x10 1U 
a. 0 RT IxlOll 8.3x106 7.llxlOIO 
b. 0 RT 5x10" 4xl07 1.55xlO lO 
c. 0 RT IxlO I2 6xl0 1 1.05xl0 1u 
d. 0 RT 5x10 12 8x10-1 8.88xlO'J 
a. H 200 2xlO u 7.5xlOb 6.57x101O 
b. H 200 IxI014 9xl06 5.93xlOIO 
c. H 200 2xl014 2xl07 3.08xlO lO 
d. H 200 Ix101) 8xl07 8.95xlO'J 
1 l-l 
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5 Discussion 
The results presented in the last chapter reflect a systematic study on the 
implant isolation of GaAs using hydrogen, helium, boron, nitrogen and oxygen ions. 
In the following sections these results are discussed, compared with the literature and 
analysed to develop a model to choose the right implant conditions for efficient , 
effective and repeatable electrical isolation for GaAs device technology. A 
phenomenological model is presented in order to understand the mechanisms 
governing the implant isolation of GaAs. 
5.1 Isolation scheme-Energy of the implanted ions 
Most of the work carried out here is based on the energies, which are chosen 
to create a uniform damage level throughout the n-type conductive region in GaAs. 
The peak of the projected range is placed well inside the GaAs substrate. A 
comparison of two different energy schemes is presented in section 4.7.3. For boron-, 
nitrogen- and oxygen-isolated GaAs samples, the energy is a few MeV and a few 
hundred keY for proton- and helium-isolated samples. An energy of 250-300 keV for 
protons or 600-700 keY for helium ions produces a similar damage level uniformity in 
the n-type layers as MeV energies for boron or oxygen. This is due to the fact that the 
projected range of the protons and helium ions is far greater than the actual thickness 
of the n-type layer. Thus in our experiments all energies are MeV-like in terms of 
damage level accumulation and uniformity. In the case of ivle V or 1\ Ie \' -like ion 
irradiations, projected ion ranges are greater than the thickness of the typical GaAs 
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epilayers or layers created by doping implantation, and the profile of the generated 
atomic displacements is essentially uniform throughout the conductive region. A good 
approximation can easily be made to estimate the average number of replacement 
collisions due to an ion implanted into the device region (refer to Table 4.5 and TRIM 
code [15]). Moreover, implantation with such an energy allows effects of defect 
isolation to be separated from chemical isolation to some extent [17]. The obvious 
advantage of our scheme is the ability to create a uniform damage distribution to 
compensate near surface or bulk devices at the same time. The alternative, much used 
and reported in the literature, is multiple Ke V implants which can also create 
approximately uniform damage distributions. 
5.2 Confidence in measurements: Parallel resistors model 
Measurements are repeated several times (keeping in mind the ageing effect) 
and several identical implantation schemes on different samples were also repeated in 
order to judge the consistency of the obtained data. Most of the samples were 
measured time and again even a year or more after their isolation implantations took 
place. The results obtained were consistent and within less than ±5% of the mean 
value. Thus the measurements are repeatable and the results are reproducible. 
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In the Figure 5.1, one can define the following parameter: 
Rs = Total measured sheet resistivity using van der Pauw technique 
RJ = Sheet resistivity of the isolated n-type GaAs layer 
R2 = Sheet resistivity of the semi-insulating GaAs substrate 
Based on the data presented in section 4.2.2 and 4.3.1, we show that the device 
structure used in this work is like two resistors in parallel (figure 5.1). The parallel 
resistor model works as long as the sheet resistance of the isolated n-type layer is 
smaller than the sheet resistance of the semi-insulating substrate or in other words the 
sheet resistivity of the layer RJ must be at least ten times smaller than that of the semi-
insulating substrate, R2 . All of the data presented in chapter 4 confirms that the values 
of sheet resistivity are accurate and represent the actual isolated device region. The 
uniform damage accumulation throughout the n-type GaAs region caused by ion 
implantation acts like a resistor to the mobility of the free carriers. The semi-
insulating GaAs substrate is already highly resistive and to assure the formation of 
highly resistive regions created by ion implantation in the conductive GaAs layers, it 
is necessary to consider the validity and accuracy of the resistivity values. The parallel 
resistor model (see figure 5.1) calculates the limitation to this accuracy and confirms 
the actual order of magnitude of isolation caused by ion implantation. The parallel 
resistor model is valid for all the values of RJ below the semi-insulating GaAs 
resistivity values and applicable to both RT and hot implanted samples. This allows 
an excellent fit to all the obtained resistivity values presented in this work with good 
accuracy (see section 4.2.2 and 4.3.1 for examples justifying this claim). 
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5.3 General Picture from the results 
Figures 4 .2, 4.16, 4.19, 4.22, and 4.27 show the evolution of sheet resistivity 
with the post-implant annealing temperature for 250 keV proton-, 600 keV helium-
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1.5 MeV boron- and 2 MeV oxygen- and nitrogen-isolated n-type GaAs layers 
implanted at R T, 100°C and 200°C. For a better understanding and overall picture 
these curves are drawn and compared in Figures 5.2, 5.3 and 5.4 for RT, lOOoe and 
200°C, respectively. 
The behaviour of the sheet resistivity after post-implant annealing for RT 
implants in all cases is known and has been reported many times in the literature 
(refer to section 2.5 and references therein). The as-implanted sheet resisti itie after 
RT implantation were also expected to attain intermediate values [106J for the u d 
, , n 
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initial sheet carner concentration and the respective mobilities are attributed to 
hopping conductivity, which again is a well-reported phenomenon. 
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For the doses and energies used in the cases shown in Figures 5.2, 5.3 or 5.4, we see 
that protons and helium ions exhibit pronounced enhanced dynamic annealing for 
implant temperatures of either 100°C or 200°C, which is responsible for higher as-
implanted sheet resistivity values as compared to those obtained for RT implants in 
these cases. Proton and helium implants also offer excellent persistence of iso lation to 
higher annealing temperatures for elevated temperature implants. 2000e is better than 
100°C in terms of optimisation or thermal stability of the iso lation since the high 
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resistivity is maintained over a wide annealing temperature range (compare figure 
5.2, 5.3 and 5.4). The effect of enhanced dynamic annealing due to hot implantation 
causes lower damage accumulation which gives rise to higher as-implanted resisti it y 
values . This effect is less pronounced in boron-isolated GaAs layers but the thermal 
stability of isolation is improved as the implant temperature is increased . We conclude 
that in the case of hot implants, the isolating defects are more thermally stable than 
those formed at R T. 
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We have also shown that the major defects affecting the conductivity are deeper 
within the band-gap as the implant temperature is increased (see section 4.3.2, Table 
4.2 and figure 4.13) . The formation of such trap structures accounts for impro ed 
, ..... " 
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thermal stability. In the case of nitrogen and oxygen, for this particular isolation 
scheme, hot implants do not show any significant improvement but beha\'e in a 
similar fashion to RT implants. We suspect that higher doses or even higher implant 
temperatures may generate such trap structures, which are more stable at hiaher 
b 
annealing temperatures. 
The choice of the correct implant conditions is vital especially when isolation 
is dopant sensitive. Figure 4.24 confirms that raising the implantation temperature or 
adjusting the implant conditions accordingly can significantly improve the sheet 
resistivity values and the stability to further thermal processes, 
Comparing the data for oxygen and nitrogen with the literature [9, 84, 95], we 
believe that the actual carrier removal phenomenon is a product of both damage and 
chemically introduced isolation, which requires the implanted species itself to be 
active as a trap centre. At higher annealing temperatures such as above 650°C the 
oxygen or nitrogen atoms are believed to indiffuse (to the bulk) and thus the sheet 
resistivity values are returned to their pre-implanted values. 
We also notice that for light ion species, RT implants recover quickly 
compared to hot implantation. In other words, high temperature annealing returns the 
resistivity to a value close to that of the starting material more quickly for the RT 
implanted material than for the case of 100°C and 200°C implants, 
Considering the comparison curves presented in Figures 5.2, 5.3 and 5A 
together with the results obtained for the isolation matrix experiment (refer to section 
4.8 and figures 4.41, 4.42, 4.43 and 4.44), one can conclude that the more 
concentrated damage of relatively heavier ions compared with protons also tends to be 
more thermally stable Moreover, heavier ions such as oxygen have a higher carrier 
removal rate such that lower doses are required to compensate the doped GaAs 
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In the majority of the previous work, implantation has been carried out at 
room temperature and very little has been published on the study of isolation regions 
formed in GaAs at elevated substrate temperatures. From our results we see a 
significant difference in isolation optimisation, stability and governing implantation 
conditions because of raising the implantation temperature. We have observed (refer 
to Figure 4.4, 4.31 and 4.35) that the doses, (threshold doses: Dth) at which the sheet 
resistivity is a maximum for samples of identical initial sheet carrier concentration 
and damage accumulation due to deposited energy, are different for irradiations 
conducted at RT and 200°C. The magnitude of the resistivity is much higher for the 
200°C implants, which proves the existence of enhanced dynamic annealing at 
elevated substrate temperatures. This is in contrast to the results presented by deSouza 
et al. [45] for helium and hydrogen isolated GaAs layers in which threshold doses 
were found to be the same for RT and 100°C and an absence of any noticeable 
annealing of the carrier traps was also indicated in the implant temperature range from 
RT to 220°C. Antisite defects were considered by them to be the carrier trapping 
centres, by virtue of their low sensitivity to dynamic annealing. We note also that the 
optimum isolation obtained by them in all cases seems unreasonably high (about 1010 
Q/O for silicon doped GaAs). We infer that antisite defects are sensitive to dynamic 
annealing at higher implantation temperatures like 200°C and may form complexes, 
which behave differently as a function of dose and damage accumulation. The 
stability of these complexes is also thought to be dependent on implantation 
temperature. The sensitivity of defects towards elevated implant temperature is also 
pointed out by Brown and Williams [18], which is in complete agreement with the 
interpretation of data presented in this work. 
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Sengupta et al [19] have observed that helium being a heavier mass than 
protons will not require such a high dose and thus may be a good choice for deep 
isolation of GaAs layers. They have also shown that it was possible to achieve 
isolation by helium ion implantation at elevated temperature (T j=210°C) with 1 x 1016 
ions/cm
2 
into GaAs layers and obtained a thermally stable annealing window in the 
post-implant annealing temperature range from 500 to 600°C. The damage 
distribution in their case was qualitatively similar to the range distribution but with the 
existence of a non-uniform level of damage near the surface. The isolation scheme 
applied in our experiment (refer to Figure 4.22) is different. We have used ten times 
higher energy (600keV) for helium ions with relatively low dose (2xl01.t cm-~) to 
produce a constant level of vacancies in the near surface region. The end-of-range 
disorder is buried weIl in the substrate and removed from the actual device active 
region. These implant conditions seem to be more efficient in terms of the isolation 
achieved and the attainment of a broad thermaIly stable, highly resistive region. The 
characteristic nature of curves for the evolution of sheet resistivity with post-implant 
annealing temperature in our hot implant cases not only agrees with what they [19] 
have presented in their data for Tj=21 O°C but offers more detailed information and an 
explanation. Their data contains no account of HaIl mobilities with regard to the 
samples implanted at elevated temperature. The comparison of all three curves 
explaining the evolution of sheet resistivity and mobility as a function of post implant 
annealing (refer to Figure 4.16) for helium isolated n-GaAs layers maintained at RT, 
100 or 200°C provides a better understanding of the hot implantation mechanisms. 
The data presented by Sengupta et al. [19] confirms the potential of hot implantation 
and supports the outcome of our detailed study on hot implant isolation. 
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Similarly Yamazaki et al. [88] investigated oxygen ion implantation into 
heated, undoped GaAs. The implantation temperature was chosen to be 300°C and R T 
(for comparison) for 170keV oxygen ions with a dose ranging from lxl012 to -+Xl0 15 
cm-
2
. In their case hot implantation at 300°C resulted in high resistivity of 4xl06 Qln 
without post-implant annealing and about lxl07 Q/O after post-implant annealing at 
400°C. The values for hot implants were found to be higher than those obtained for 
RT implantation. The effective reduction in implantation damage due to hot 
implantation, which contributes to the reduction in hopping conduction, was also 
confirmed by laser Raman spectroscopy. Similarly, Zhao et al [90] studied the 
influence of target temperature on the implant isolation of n-type GaAs. In their 
experiment, the n-type region was created by silicon implantation at an energy of 180 
keY with doses of either 5xl012 or 2xl014 cm-2. An isolation region was formed by 
oxygen implantation at dual energy of 120 and 50 keY with doses of 2xl012 cm-2 and 
5xl013 cm-2 followed by annealing at temperatures ranging from 200 to 900°(' 
Isolation implantation was performed at RT and 350°C. The threshold dose was found 
to be different for samples having different original sheet carrier concentration. The 
implant isolation was also found to be influenced by the target temperature The 
substrate temperature of 350°C for oxygen implantation increased the sheet resistivity 
by about three orders of magnitude over that found after RT implantation. Results 
presented by Zhao [90] and Yamazaki [88] confirm the validity of our results which 
are in more detail in terms of investigating the effect of ion masses, energy, doses and 
doping implants on the target temperature to produce an improved isolation recipe 
Our results presented in Figure 4.24, 4.22 or in section 4.8 support their data and 
provide additional information to improve our understanding. 
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5.4 Potential of hot implantation 
We believe that the lower damage accumulation by virtue of the dynamic annealing 
during implantation introduces higher as-implanted sheet resistivity values in the case 
of samples maintained at either 100 or 200°C during implantation, indicating a 
reduction in hopping conductivity. The isolation is formed by carrier trapping at those 
defect structures, which are stable at higher annealing temperatures. This is in contrast 
to the RT -implanted case. In the case of elevated temperature implants, we conclude 
that the isolating defects are more thermally stable than those formed at RT, leading to 
a different thermal stability observed for the carrier traps. Different trap structures 
(see Table 4.2 which suggests different activation energies for hot implantation) are 
generated according to the substrate temperature during implantation, which seems to 
be a sensitive parameter for radiation-induced defects, as explained by Brown and 
Williams [18]. They investigated the effect of implantation temperature on general 
implantation conditions in GaAs and this can be extended to the specific implant 
isolation for devices based on GaAs. Their work is based on the examination of 
samples, by fundamental spectroscopy techniques such as Rutherford Backscattering 
RBS, subjected to certain implant conditions. They pointed out that the structural 
damage created by ion implantation of ion species in GaAs at 77 K is essentially free 
from dynamic annealing effects during implantation. It is interesting to note that the 
effects of dynamic annealing are only evident in those samples implanted at 77K but 
measured at RT. One must be very careful when interpreting the data from samples 
implanted at low temperatures, since post-implant annealing of low level damage 
occurs within hours of warming GaAs to room temperature. This is in complete 
agreement with our results presented in figure 4.14. Proton isolation (see figure -+ 1-+) 
of n-type GaAs layers at liquid nitrogen (77K) shmvs that a huge expected decrease of 
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the bulk conductivity with the decrease of the substrate temperature is not achieved. It 
is known [9] that implantation at low temperature (77K) results in more stable defect 
formation since there is insufficient thermal energy to allow diffusion to occur. At 
room temperature, however, significant defect annealing proceeds during the 
implantation. Consequently, a different distribution of defects will be expected after 
low temperature implantation and subsequently warming to room temperature 
compared to RT implants. Brown et al. [18] further investigated that at temperatures 
above 200 K, defects in GaAs become mobile and residual radiation damage will be 
the result of defect production, trapping and annealing processes. Results presented in 
this work (refer to chapter 4) and commented on further in section 5.3 are supported 
by this claim where implanted samples at elevated substrate temperature reflect 
optimisation of the isolation and its stability to further thermal processes. Brown et al. 
[18] mention that the ion flux determines the defect production rate and the substrate 
temperature determines the diffusion, trapping and annealing rates. When the 
production and annealing rates are closely balanced, changes in flux and implant 
temperature will shift the balance and produce large changes in the resulting defect 
morphology. This claim is also supported by XTEM examination [20] of irradiated 
samples which shows that radiation damage in GaAs first takes the form of isolated 
defect clusters, presumably formed by trapping mobile defects. With increasing ion 
fluence, the size and density of these clusters also increases. Dynamic annealing 
during irradiation increases with increasing temperature through thermally activated 
defect diffusion, dissociation, and annihilation processes. Our results are more 
generalised to measurements for a range of hot implants (50-350°C) and an 
application point of view and prove that the different thermal stability of defects can 
generate different trap structures that lead to different behaviour in the evolution of 
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sheet resistivity for elevated substrate temperatures. Stievenard et al. [121] have also 
reported different trap structures corresponding to 1 Me V electrons implanted at R T 
or 300°C. The exact nature of trap structures or defects is not known yet and is a topic 
of research itself. The data summarised in Table 4.3 and drawn in Figure 4.13 for the 
activation energies of proton-isolated n-type GaAs layers either at R T and 200°C \vith 
variable doses confirm the fact that deeper defect levels are formed for samples 
subjected to hot implantation. This could be due to the annealing out of the shallow 
levels (enhanced dynamic annealing) or the formation of more complex defects by 
combination of shallow levels. The respective levels are labelled in Table 4.3 against 
the literature but there is a possibility of many defects, which we do not know. 
In summary, we can conclude that the nature of defects formed at elevated 
implant temperatures is different from those formed at R T implantation. Hot 
implantation reduces implantation damage and, as a result, effectively reduces the 
hopping conduction, which has low activation energy [91]. By the reduction or 
removal of hopping conductivity, the effects of deep level traps on resistivity are 
distinguished. Deeper traps around the midgap may also exist. The different nature of 
these defects due to hot implantation produces isolation with improved thermal 
stability, which is of technological interest. 
Thus, hot implants may provide additional flexibility for device fabrication 
especially in the case of low thermal budget requirements. When stability to higher 
device operating temperature is required or devices are subjected to a time-
temperature cycle during processing e.g. annealing of ohmic contacts, hot implants 
may technically be a better choice. 
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5.5 Phenomenological model 
Previous studies of room temperature implantation for electrical isolation of 
GaAs showed that the damage production depends on the ion energy [115]. At higher 
ion energies especially in the near-surface region the high energy density deposited 
into electronic processes influences the remaining defect concentration [116]. Besides 
its use for the formation of thick or buried layers with modified physical properties 
[117] as well as for 'cold' annealing of damaged or amorphous near-surface layers 
[ 118], MeV ion implantation allows a more detailed study of the influence of 
electronic and nuclear energy deposition on the process of defect creation. It is also 
known that a large amount of electronic energy deposition and possible beam induced 
heating of the implanted layer causes an enhanced in-situ self-annealing during the 
implantation. Both thermal and ionisation stimulated processes are imaginable [119]. 
Using our existing knowledge of implant isolation mechanisms and the results 
obtained in this work especially for hot implant isolation schemes, we have developed 
a process, which is reported for the very first time. We illustrate our understanding in 
the form of a phenomenological model, which is an extended version of Short's [95] 
model presented in 1988. Short et al. [95] presented a model, which explains the 
annealing characteristics of the implant-isolated regions. The model is true for R T 
implantation and our experiments on RT implants confirm its validity. It does not give 
any account of elevated temperature implants or the effect of other implantation 
parameters such as dose, ion species etc. on the optimisation and stability of the 
isolation. Our extended phenomenological model provides more detail on these 
aspects. 
• 
128 
The total amount of damage increases with decreasing atomic number, due to 
the greater depth of the damage profile for lighter ions resulting from their 
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lower rates of energy loss. Heavier ions create more defects per ion, so that a 
higher temperature may be required to anneal these defects. However, ions of 
larger atomic number and mass will also generate defects at a higher rate. 
Physically the net damage rate is the result of competing defect production, 
trapping and annealing processes. The defect production rate is proportional to 
the ion flux in undamaged crystals, so flux or dose is expected to be a key 
parameter in determining the residual damage. 
• The electrical properties of the GaAs are affected by both microscopic (point 
defects such as vacancies, interstitials and their complexes or antisite defects 
and their complexes by replacement collisions) and macroscopic defects 
(stacking faults and clusters etc.). 
• Each implanted ion is capable of removing electrons from the conduction band 
of the GaAs by trapping them at defects created along the ion path. 
• The annealing of implanted GaAs has several stages [9]. The first two stages 
at -38 and 7°C are connected with Ga and As interstitial migration and lead to 
the annealing of 10-20% damage. The second stage at 220-240°C is related to 
the migration of Ga and As monovacancies at which less than half the damage 
is annealed in the case of higher dose implantations. The next stage begins at a 
temperature around 400°C, which is connected to the decay of point defect 
clusters. In the next stage (T>600°C), annealing of the extended defects takes 
place. It follows from the literature [refer to section 2.3] that at room 
temperature the partial annealing takes place mostly via Frenkel pair 
recombination. The annealing is activated at T>200°C when monovacancies 
become mobile. Monovacancies interacting with stable defect complexes at a 
given temperature may break their stability and lead to a cluster decay. Long-
129 
130 
Implant Isolation of Gallium Arsenide 
range lattice order is restored by annealing around 350, 400, 500 or 600 and 
600°C for protons, helium, boron, nitrogen and oxygen ions, respectivel\' 
implanted at RT in n-type GaAs layers, and the electrical characteristics are 
dominated by the point defects. We call this temperature the' critical annealing 
temperature'. At this temperature the damage is reduced to the point at which 
electrons are unable to hop from site to site, and the point defect concentration 
is still larger than the electron density, so all the electrons are trapped giving 
rise to a maximum sheet resistivity value. For hot implants, different trap 
structures are formed which in turn provide higher resistivity values. The 
critical temperature can shift to higher values for hot-implanted samples, 
which shows an improved thermal stability. It is known that [9] the activation 
energy of ion-induced annealing is lower than that of just thermal annealing 
and so the former process proceeds much faster. This in tum can provide 
higher resistivity values for hot-implanted samples than those obtained for RT-
implanted samples but annealed at similar temperatures. Indeed, this 
phenomenon is obvious from our data. 
• At annealing temperatures below the critical annealing temperature, the 
implant-induced point defect background is so dense that electrons trapped in 
these levels hop from one damage site to a nearby one. This low mobility 
conduction leads to intermediate resistivity values. For hot implants, generally 
this hopping conductivity is very much reduced due to enhanced dynamic 
annealing and results in higher as-implanted and post-annealed resistivities 
compared to R T implant cases. As the n-type GaAs layer is annealed at 
progressively higher temperatures, the defect density is of roughly the same 
order as the electron concentration. 
• 
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Above the critical annealing temperature the point defect background is much 
reduced, and there are fewer damage sites than there are free electrons The 
resistivity in general is then reduced to its initial value. 
• In the case of light ions like protons, helium and boron the electrical isolation 
of implanted GaAs is due to the defects produced by implanted ions, and not 
particularly due to the implanted ions themselves. Depending on the damage 
concentration and thermal processes, in some cases oxygen and nitrogen ions 
are believed to be dependent on an isolation mechanism which is a product of 
damage related and chemically-introduced electrical isolation. 
• The resistivity of n-type GaAs, which is initially low compared to seml-
insulating GaAs increases with increasing ion dose. The increase in resistivity 
is believed to be the result of the carrier removal process, which compensates 
free carriers. For doses higher than some critical value (threshold dose: at 
which one acquires maximum sheet resistivity values) the resistivity decreases 
remarkably through a maximum value. The extent of the damage accumulation 
determines the resistivity after reaching the maximum. At these high doses, if 
the resistivity obtained is below the maximum sheet resistivity then essentially 
all of the electrons from the dopant are trapped, but can hop from damage site 
to damage site with a low mobility. In other words, the decrease in resistivity 
is due to the thermally assisted tunnelling or hopping conduction proposed by 
Mott et al. [120]. 
5.6 Isolation Matrix Predictive Model 
The phenomenological model presented in the last section was an overall vie\\ 
of the mechanisms responsible for the implant-isolation of GaAs based on the prior 
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knowledge and novel investigations of this work. This section presents a model of 
practical application, based on the findings of a detailed experiment mentioned in 
section 4.8. First of all we conclude the results obtained in section 4.8 and establish 
the relationship between defect formations and its nature, initial doping concentration 
and isolation implantation parameters. The relationship is then translated to a 
mathematical equation. We define certain quantities and make some assumptions to 
compute the variables given in the mathematical equation, in order to check the 
validity of the model. In this way, we are able to estimate the carrier removal rate and 
consequently the dose required to isolate the structure effectively. Comparing the 
estimated dose against the observed data provides estimation to the error calculations 
of measured data and explains the potential of the model. One advantage of this 
comparison is to numerically observe the effect of enhanced dynamic annealing due 
to hot implantation on the isolation parameters, which otherwise is not possible. Thus 
the model predicts the right implantation condition to obtain an effective, efficient and 
reliable electrical isolation in GaAs based devices. 
So we start developing our predictive model by concluding the results obtained in 
section 4.8 (refer to figures 4.31 to 4.50 and Table 4.6). 
• 
• 
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Threshold dose Dth (the dose required for an effective isolation at which sheet 
resistivity obtained is maximum) increases linearly with the original concentration 
of free carriers. Hence Dth ex: nso· 
Threshold dose (can be generalised to dose) to convert the n-type layer to a highl y 
resistive one is found to closely correlate with the estimated number of lattice 
atomic displacements along the conductive region. This is of the form J),h CX IISd. 
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• F or the identical samples, atomic mass of an implanted species increases with 
a decrease of the threshold dose. 
• For any specific ion species, an increase in the initial sheet carrier concentration 
increases the threshold dose required to isolate the structure. 
• For a conductive layer, increase in the atomic displacement density results in a 
decreasing threshold dose. 
• The carrier trapping scales with the irradiated dose and hence with the deposited 
energy in the doped layer. 
• The efficiency of the carrier removal process reciprocally depends on the number 
of atomic displacements. 
• For similar deposited energy of an ion, an Increase In the initial sheet 
concentration Increases the required dose to isolate the conductive regIOn 
effectively. 
Thus despite the complexity of the real defect processes, the dose dependence of the 
sheet carrier concentration and hence resistivity is of the form 
nso = nsD + RxD (5.1) 
to a best fit approximation, where 
nso = original free sheet carrier concentration (e-/cm2 ) 
D = implanted dose to isolate the structure 
nsD = sheet carrier concentration after the isolation implantation to D. 
R = slope of the straight line (a function of mass of the ion and its 
energy) 
Equating the dimensions of equation 5.1 gives the dimensions of R. 
R = (nso- nsD)/D electrons/ion, which simply is the carrier removal rate or the number 
of electrons (free carriers) removed by a single ion when implanted with dose D. 
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One can define and correlate the following quantities to predict the carrier 
removal rate and hence the dose required to isolate the structure efficiently. 
Where 
R= nestXNdx T (5.2) 
nest (e-/vac) = estimated number of replacement collisions (formed 
Frenkel pairs) for the trapping of single electron from the active layer 
to be isolated. 
Nd = the number of vacancies/ion-cm, which can easily be calculated 
to an accurate level taking an average of the points from the damage 
distribution determined from any simulation code, say TRIM [15]. 
T = thickness in centimetres of the conductive layer to be isolated. 
Using equations 5.1 and 5.2, one can write the expression for the ion dose required to 
isolate the structure as: 
nso - nsD (5.3) D= 
nest X Nd X T 
To a first approximation, it is logical to consider that for a specific ion species 
one deep level is created for each replacement collision in the conductive layer due to 
the specific deposited energy to the system. 
The calculated number of electrons removed by one single ion in such a way 
(utilising equation 5.2) is given in Table 5.1. The values calculated for R in Table 5.1 
are based on the approximate damage levels in Figure 4.1 for the effective thickness 
of the n-type GaAs layers of 0.75 ~m. 
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Table 5.1: Estimated carrier removal rate based on equation 5.2. 
Energy (keV) and Implant Carrier removal rate 
Isolating specie Temperature (OC) R (e-/ion) 
I 
1 
Hydrogen 300 at RT 0.135 I 
Helium 700 at RT 4.8 
Boron 1800 at RT 32.9 
Oxygen 2000 at RT 67.1 
Given the original sheet or bulk carrier concentration of the conductive region to be 
isolated and the required number of carriers left in the structure after the isolation 
implantation (or the required mobility of the free carriers after isolation implantation), 
we can easily calculate the dose of the implanted ion species to isolate the structure 
efficiently by using the values ofR from equation 5.2. In our case we use the values 
from Table 4.4, Table 4.6 and Table 5.1 to estimate the right dose required for an 
optimum isolation for hydrogen, helium, boron and oxygen ions into n-type GaAs, 
using equation 5.3. Table 4.4 gives the values for initial sheet carrier concentrations 
Table 4.6 presents the values of sheet carrier concentration (nsD) after the 
implant isolation to dose D. We require our device structure to be left with nsD 
number of free electrons/cm2 after isolation. One can compute the values of mobility 
required for the carriers after implant isolation instead of nsD using a simple 
translation of sheet carrier concentration into mobility. Table 5.1 gives the carrier 
removal rate R. Table 5.2 presents the estimated dose required to isolate the structure 
for the initial conditions from Table 4.4, Table 4.6 and Table 5.1 computed to 
. ~ 1 equatlOn _ .. 
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Table 5.2: !~~ estimat~~ dose required to effectively isolate the structures for the 
lmtlal COndltlOns given in Table 4.6 and Table SIt a h .. h 
t
· 5 3 . o,:,et er \\ It 
equa Ion .. 
Estimated Threshold 
Wafer Ion dose, De, ions-em-2 
a. H 4.96xIOU 
b. H 2.44xI014 
c. H 4.44xI0 14 
d. H 2.37xIoD 
a. He 1.39xlO12 
b. He 6.47xI0 12 
c. He 1.25xIOlJ 
d. He 6.67xI0 13 
a. B 2.03xIoIl 
b. B IxIo12 
c. B 1.8IxlOl2 
d. B 0.96xlO13 
a. 0 lxIOll 
b. 0 4.92xlOll 
c. 0 9xI0 11 
d. 0 4.8xI012 
Comparing the estimated dose (De) shown in Table 5.2 with the actual values 
obtained from the measurements (Do) shown in Table 4.6, we can estimate the error 
and confidence in our predictive model. Table 5.3 presents the error calculations. The 
error calculated in Table 5.3 is not unreasonable. For example, for protons, boron and 
oxygen ion implantation cases, the error is about 11 %, 3.9% and 4% on average. In 
the case of helium somewhat different values are found in which the error on average 
is about 25%. This could easily be seen in Figure 4.50 where the data points on the 
graph deviate from the best fit straight line passing through the data points. This may 
be due to the measurement errors for these samples. 
The error calculation provides the flexibility to put the confidence limits on to 
the data points. It also confirms that the best fit approximation to the data, as a straight 
line is a reasonable and logical choice. The error calculation also determines that 
using the first approximation to the equation 5.2 for nest is also logical and brings 
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simplicity to the model to readily estimate the right implantation conditions for 
effective, efficient and stable electrical isolation. 
Our predictive model is based on the estimation of the number of replacement 
collisions required to form a damage distribution necessary to trap the free carriers, 
say using TRIM code [15]. Theoretical calculations of atomic displacements like 
TRIM, LSS method or Boltzman's Transport equation take into account only ballistic 
processes and completely neglect the process of defect interaction or dynamic 
annealing. However, ion generated simple point defects, which survive after 
quenching of collision cascades, may migrate through the lattice and experience the 
annihilation and cluster formation, in some cases. The complex dynamic annealing 
process in solids under ion irradiation is highly dependent on implant conditions such 
as ion mass, energy, dose, target temperature and beam flux density. Thus the error 
calculated here accounts for the presence of dynamic annealing, diffusion and 
annihilation of defects, which are neglected in TRIM code simulation. 
Once we believe that the predictive model can estimate the carrier removal 
rate for a given dose and original free carrier concentration or the dose to isolate the 
structure with maximum sheet resistivity for a required number of carriers per unit 
area left to the system after isolation, we may also observe the effect of enhanced 
dynamic annealing due to hot implantation which otherwise is not possible. By 
comparing the measured data for proton isolation of n-type GaAs layers at 200°C 
presented in Table 4.6 against the given predictive model (together with 10% 
confidence in error) reveals that due to the enhanced dynamic annealing or the 
formation of different trap structures in nature due to hot implants, one needs to have 
a smaller number of ions/cm2 to obtain maximum resistivity. The threshold dose ratio 
[Dth (200°C)lDth (RT)] is about 450/0 on average. 
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Table 5.3: Percentage error calculation f th b o e 0 served data to detennine it 
confidence limits. 
Observed Estimated E rror 0/ 0 
Wafer Ion Threshold dose Threshold dose, E = [IDe - DoI IDeJxlOO 
Do, ions-cm-2 D . 2 e, IOns-cm-
a. H 5x lO lJ 4.96x l O13 0.8 
b. H 2x lO 14 2.44x 1 014 18 ~ 
c. H 5x lO14 4.44x l O14 12 a d. H 2xlo1) 2.37x l 01) 15 
a. He l x10I2 1. 39x l Ol2 28 
b. He 5xlO l2 6.47x l O12 27 ~ c. He l x10 lJ 1.25x10 IJ 20 d . He 5x lO lJ 6.67x l OIJ 25 .03 25% 
a. B 2x10 lT 2.03x1011 1.47 
b. B l x1012 l x1012 0 -c::s 
c . B 2x10T2 1. 81x1012 10 ~ d. B 1x10IJ 0.96x 10 IJ 4.16 3.90% 
a. 0 1x lOTT 1 xl 01 1 0 
b. 0 5x10 fT 4.92x l O" 1.62 ~ 
c. 0 l x101 2 9x l 011 11 ?2J 
d. 0 5x1012 4.8x 101 2 4.16 I 
4. 19% 
In summary, we have discussed the overall picture of the results achieved in 
this work. The results were compared and anal ysed with the reported data to check 
their consistency or di screpancy. The novel aspects of the data were also di scussed in 
detail. We checked the accuracy of the measurements by presenting a parallel resi stors 
model. An extended phenomenological model was also presented to understand the 
mechanisms associated with the implant isolation of GaAs. The potential of hot 
implantation, effect of ion species and variable implantation doses on the isolation and 
post-isolation annealing process were also discussed in the model. A predictive model 
was also developed as a process recipe to estimate the right implantation cond ition 
for an effective and reliable electrical isolation of GaAs. The predicti e model 
provides a simple straight-line dependence for the isolation- implant parameter to a 
good accuracy. The data and the models have ramifications fo r the III-
semiconductor industry. 
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6 Conclusion and further work 
6.1 Conclusion 
A systematic study is presented in this thesis on the implant isolation of n-type 
GaAs. Conductive n-type GaAs layers were formed using multiple energy silicon ion 
implantations in order to create a uniform dopant distribution throughout the n-type 
region. Several ion species such as proton, helium, boron, nitrogen and oxygen are 
employed in this work. The effects of ion species and its mass, fluence, implantation 
temperature, energy of the implanted ions, damage accumulation, initial carrier 
concentration of the conductive layer and post-implantation annealing cycles on the 
quality of isolation in terms of optimisation and stability were investigated in detail. 
The accuracy of measurements was also judged by a direct measurement of sheet 
resistivity of semi-insulating GaAs substrate and comparing it against those values 
coming from n-type region. In such a way a parallel resistor model was formulated 
which not only fits well to the data but also confirms the reliability of the 
measurements. The major part of the work was dedicated to comparing the influence 
of elevated implant temperature on the electrical characteristics of the isolated n-type 
GaAs layers. This was done by employing a range of elevated temperature (50-3 SOne) 
implantations to the samples more specifically 100 and 200°C and were compared 
against RT and 77K. The effect of variable doses on the other implantation conditions 
was also examined thoroughly. Formation of thermally stable defects during 
implantation is thought to be responsible for the improved thermal stability and 
optimisation of the isolation process for hot implants, which make it a better choice 
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The results are novel and have applications to the implantation engineering industry 
Based on the obtained data, a phenomenological model is presented in order to 
enhance the existing understanding of implant isolation of GaAs. It was also found 
that ion doses required for an effective, efficient and reproducible isolation of n-type 
GaAs have simple linear and reciprocal dependencies on the values of initial sheet 
carrier concentration of the conductive region of the device and atomic displacement 
density caused by the ion implantation, respectively to a good approximation. Using 
the fact, a readily available predictive model is presented which calculates the right 
implant conditions for the optimum and stable isolation of devices. The recipe of 
isolation matrix fits well to the data with a good accuracy and provides great 
flexibility to the implant isolation users community. This model together with the 
potential of hot implant isolation is a way forward to the future technologies for the 
electrical isolation of III-V semiconductor devices. 
We conclude the work presented in this thesis as follows: 
• The effects of implantation parameters on the quality of electrical isolation 
are investigated. It is found that the choice of the right implantation 
conditions is essential in order to obtain an effective, efficient and 
• 
• 
reproducible isolation. 
Hot implantation is more effective to optimise and stabilise the isolation 
characteristics, as compared to R T implants. 
A parallel resistor model for the accuracy of resistivity measurements, an 
extended phenomenological model to understand the isolation mechanisms 
and an isolation matrix model to predict the right implantation conditions to 
electrically isolate the n-type GaAs layers, are also developed in this work. 
6.2 
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Further work 
Implant isolation of p-type GaAs and devices based on other material such as 
AlGaAs is known to have similar behaviour as n-type GaAs because of the 
position of Fermi level pinning at mid gap energy level after isolation 
implantation. It will be interesting to investigate the influence of elevated 
substrate temperature during implantation on the isolation conditions in these 
materials. Moreover, repeating the detailed isolation matrix experiment (refer 
to section 4.8) with p-type GaAs, AlGaAs, InP, InGaAs and GaN will confirm 
the validity and applicability of the predictive model and its potential for 
practical devices. Predicting the right implantation conditions for an optimised 
and stable isolation will provide greater flexibility to the engineers for a whole 
family of next generation opto-electronic device fabrication. Carbon-hydrogen 
complexes are also known to form during proton implant isolation of C -doped 
GaAs devices. Hot implantation together with the appropriate damage 
accumulation scheme may be a better choice to overcome this problem so that 
efficient isolation and excellent electrical characteristics of the isolated regions 
is achieved after proton implantation. 
• The exact nature of defects responsible for isolation at elevated target 
temperature is not known yet. One may use the fundamental direct and indirect 
spectroscopic techniques such as Rutherford Backscattering (RBS), Deep level 
Transient Spectroscopy (DLTS), Photoluminescence (PL) or Positron 
Annihilation Spectroscopy (PAS) to identify the nature and formation process 
of these defects. Knowing the nature and structure will facilitate the defect 
engineering community to exploit the advantages of these defects to further 
the semiconductor's advances. 
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• The possibility of creating buried insulating layer in III-V' s in general and 
GaAs in particular would permit the three dimensional integration of devices. 
Such a process requires the creation of defects at the end of an ion range, 
which have greater thermal stability compared to those created along the ion 
track. The appropriate annealing window must then be found which removes 
all defects except those at the end of the ion range. A successful process 
depends on many parameters such as ion mass, energy, dose, and target 
temperature during implantation and post implant annealing temperature and 
time. This work may be extended to achieve the three dimensional integration 
of devices. 
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